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π-Conjugated materials (small molecules, oligomers, dendrimers, polymers) 
are considered as important building blocks for developing functional devices. 
The photophysical, electrochemical, and electronic properties of conjugated 
materials are highly sensitive to their chemical structures and conformations.  
In Chapter one, designs and syntheses of a few conjugated systems and 
their structure-property relationships are compared and discussed. This 
provides an insight towards fundamental properties, which can be translated 
into improved performances of the materials for various applications. 
In Chapter two, a series of boron-di-pyrromethene (BODIPY) based 
conjugated copolymers was synthesized. The optical and electrochemical 
properties were studied and related to the chemical structures of polymers. In 
addition, the polymers were used for sensing aromatic vapors such as toluene 
and benzene in high selectivity over other polar organic solvents. 
In Chapter three, BODIPY based hyperbranched conjugated polymers were 
prepared. The polymer with three-dimensional structure showed a higher 
selectivity and sensitivity towards aromatic vapors as compared to the linear 
BODIPY polymers.  
In Chapter four, a series of swivel cruciform oligothiophene was 
synthesized and characterized. These molecules with three dimensional 
structure are soluble in common organic solvents. In addition, Hg(II) cations 
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) were shown to interact 
strongly with oligothiophenes, resulting in significant quenching of 
photoluminescence in solution.  
In Chapter five, poly(p-phenylene ethynylene)s incorporated with bulky 
biphenyl side group were synthesized. These polymers showed high rigidity 
with restricted conformational reorganization in solution state. In addition, 
scanning electron microscope analysis showed that these polymers self-
assembled into nanofibers in presence of poor solvent.    
x 
 
In Chapter six, synthesis and characterization of photochromic 
dithienylethenes incorporated with phenol and azophenol groups are discussed 
along with their photochromic properties. The cis-azophenol is stable in THF 
as compared to chloroform. In addition, the intramolecular and intermolecular 
hydrogen bonding organizes the molecules into circular shaped nanostructures.  
In Chapter seven, polythiophene copolymers incorporated with 3,4,5-
trihydroxybenzene side groups were synthesized. The effects of linker group 
(vinylene or acetylene) and structure of the monomer (fluorene or carbazole) 
on polymer properties were investigated. The polymers showed a selective and 
sensitive complexation with Zn(II) cations with a red-shift in emission 
maxima of polymers.    
In Chapter eight, two soluble graphene-like molecules were prepared by 
cyclodehydrogenation. The two dimensional molecules exhibited red-shifts in 
absorption and emission maxima as compared to the precursor molecules. The 
assembly of the molecules into nanofibers was revealed. 
The last chapter provides the summary of the work, and future outlooks for 
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1.1 Introduction to Conjugated Materials 
π-Conjugated organic materials with unique optical and electronic 
properties are useful for fabricating devices such as field-effect transistors 
(OFETs),
1
 solar cells (OSCs),
2







 and optical switch.
6
 Conjugated organic materials 
can be categorized into small molecules, dendrimers, oligomers and polymers 
with overlapping π-orbitals that allow electron delocalization along the 
backbone. Over the past decades, the synthesis of structurally defined 
conjugated molecules has initiated the in-depth investigation into their optical 
and electronic properties. Also, the continuous advancement in synthetic 
chemistry opens more opportunities into designing interesting conjugated 
systems. This provides an insight into a better understanding of the 
fundamentals, which can be translated into strategies for improving device 
performances.  
It is worth noting that the optical and electronic properties of conjugated 
molecules are highly dependent on their conformations. For example, the 
twisting of poly(3-alkylthiophene) backbone at high temperature leads to a 
blue-shift in absorption maximum owing to the decrease in effective 
conjugation length.
7
 In addition, the steric hindrance from alkyl chains is an 
important factor for the packing of polymer chains in solid state. Enhancement 
in both optical absorption and hole mobilities was observed for polythiophene 
with ordered interchain packing.
8
  
In this chapter, the first section focuses on various synthetic tools that 
are commonly employed for synthesizing functional π-conjugated systems. 
Different synthetic strategies, advantages, and limitations are compared and 
discussed. The following sections will look into the selected examples for their 
synthetic strategies to obtain multi-dimensional π-conjugated systems, and the 
effects of conformational changes on the properties of conjugated systems.  
 
1.2 General Synthetic Methodologies 
1.2.1 Electrochemical and Oxidative Coupling Reactions 
The synthesis of conjugated polymers or small molecules involves the 
formation of carbon-carbon single bond between unsaturated carbons in 




polymerizing along 2- and 5-positions of thiophene via electrochemical and 
chemical oxidative polymerization in various organic solvents (Scheme 1.1). 
The accepted mechanism for polymerization involves the formation of radical 
cations.  
 
Scheme 1.1 Formation of radical cation of thiophene in polymerization.  
 
Electrochemical polymerization of 3-alkylthiophene in organic solvent 
has demonstrated many advantages, such as the control over molecular 
weights and film thickness by varying the current density, concentration, pH, 
and choices of electrolyte.
9
 However, electrochemical polymerization of 3-
alkylthiophene produces mostly regiorandom (head-to-head (HH); and head-
to-tail, (HT)) polymers which show high degree of backbone twisting that 
leads to larger band gap, smaller electrical conductivity, and lower 
crystallinity as compared to the regioregular poly(3-alkylthiophene) (Scheme 
1.2).  
 
Scheme 1.2 Possible random regioisomers of polythiophene synthesized using 
oxidative polymerization. The regioregular polythiophene has a structure of 
HT-HT.  
 
1.2.2 Transition Metal-based Cross-coupling Reactions   
McCullough et al reported the synthesis of regioregular poly(3-
alkylthiophene) 1 with a nearly 100% HT content that leads to defect-free 
polymer structure with enhanced electron delocalization and electrical 
conductivity.
10,11
 The regioregular poly(3-alkylthiophene) was prepared in one 
pot reaction; a selective lithiation and transmetallation on 2-bromo-3-




bromide, followed by Grignard metathesis polymerization in presence of 
Ni(dppp)Cl2 (Scheme 1.3). Rieke et al had used activated zinc for generating 
organozinc thiophenes which were subjected to polymerization in presence of 





Scheme 1.3 Synthesis of polythiophene 1-2 by using McCullough or Rieke 
methods. 
Cross-coupling polymerization catalyzed by transition metals has 
become a powerful tool for polymer synthesis. In general, the coupling 
reaction involves an oxidative addition of transition metal across C-X bond of 
aromatic electrophile, followed by transmetallation with an organometallic 
nucleophile, and reductive elimination leading to the C-C bond formation 
between electrophile and nucleophile. Different methodologies have been 











 coupling reactions. The versatility in synthetic methodologies 
allows polymer chemists to design and synthesize more complex conjugated 
polymers with various functional groups for specific applications.  
In Stille coupling (Scheme 1.4a), the thiophene has to be “activated” by 
placing the tin group at the α-position prior to polymerization. Stille 
polymerization requires mild conditions and tolerates many functional groups, 
such as hydroxyls, esters and amines on the polymer backbone. The good 




conjugated systems as compared to the unstable Grignard reagents. However, 
preparation of stannylated monomer can be difficult and tedious; for example, 
lithiation of thiophene was carried out at -70°C under anhydrous conditions 
prior to substitution with tributyltin group.
18
 Other drawbacks include the high 
toxicity of tin generated from polymerization.  
 
Scheme 1.4 The general procedures on various cross-coupling polymerization; 
(a) Stille, (b) Suzuki-Miyaura, (c) Sonogashira, (d) Yamamoto; R is 
solubilizing alkyl group.  
 
Cross-coupling reaction between arylboronic acid and aryl halide 
catalyzed by palladium (0), also known as Suzuki-Miyaura coupling (Scheme 
1.4b). In general, a base such as sodium hydroxide or potassium carbonate, is 
required to activate the aryl boronic acids or esters prior to transmetallation 
with aryl halides. In comparison to other coupling reactions, the Suzuki-
Miyaura coupling utilizes a relatively compatible and less toxic boronic acid 
for aryl-aryl bond formation with a good regioselectivity. Aryl boronate is 
preferred owing to its better stability against hydrolysis, and easier purification 
as compared to boronic acid. However, free boronic acids generally have 
higher reactivity than boronate analogs towards aryl-aryl bond formation. 








reactive aryl boronate. Another complication arises from using strong base is 
the removal of boronate group from the aryl group prior to transmetallation, 
which results in low yield. The Suzuki-Miyaura coupling condition was 
widely used for polymerization of electron-donating or electron-withdrawing 
monomers. A regioregular poly(3-alkylthiophene) 4 with high HT content (up 
to 97%) and Mn of 40 000 g mol
-1
 was reported by self-polymerizing 2-iodo-3-
alkyl-5-thienylboronate in a solution of palladium(II) acetate and potassium 
carbonate in THF/EtOH/H2O.
19
 Most Suzuki-Mirauya polymerizations follow 
a step-growth mechanism,
20
 which afford polymers with uncontrollable 
molecular weights, large PDI, and irreproducible properties. In effort to 
resolve this problem, a few modified palladium catalysts have been shown to 
promote chain-growth polymerization involving a palladium-transfer from one 
end to another end of monomer after reductive elimination. Higgins et al 
prepared the regioregular poly(3-alkylthiophene) by using a palladium 
complex with a bulky and electron-donating phosphine ligand.
21
 The similar 




 in a 
chain-growth manner.   
Palladium catalyzed cross-coupling reaction between aryl halide and 
terminal aryl acetylene is known as Sonogashira coupling (Scheme 1.4c, 
polymer 5).
24
 In contrast to other coupling reactions, Sonogashira coupling 
requires Cu(I) co-catalyst and amine base to activate the terminal acetylene for 
transmetallation during catalysis cycle. This reaction is sensitive to oxygen as 
it will induce homo-coupling between aryl acetylenes, thus the oxygen should 
be completely removed from the system.
25
 Sonogashira polymerization often 
results in good yields and high molecular weights of polymers, which is 
advantageous for organic electronics. Recently, a series of poly(1,4-
phenylene-ethynylene)-alt-poly(1,4-phenylene-vinylene)s (PPE-PPVs) 
incorporated with different alkyl chains was synthesized and they showed high 





Yamamoto et al reported the synthesis of polythiophene 7 (Scheme 1.4d) 
from a solution of 2,5-dibromothiophene, Ni(cod)2, neutral ligand (2,2-
bipyridyl or PPh3) in DMF.
27
 Yamamoto coupling does not require activating 
species as described in other coupling methods, and mainly involves the 




addition. Even though Yamamoto-based polymerization is relatively simple in 
terms of monomer preparation and purifications, the control over the 
regioselectivity or designing functional copolymer are difficult to achieve. 
Poly(3-alkylthiophene) 6 prepared from Yamamoto polymerization showed 
lower HT content (60 – 70%).27 Moreover, copolymerization of two different 
monomers by using Yamamoto coupling will result in random copolymer with 
low regioselectivity. Nevertheless, Yamamoto polymerization is used 
conveniently for one pot homopolymerization.  
The preparation of structurally defined conjugated system is vital for 
investigating their structure-property relationships, which will be useful for 
many disciplines including organic electronics, materials sciences, and 
bioimaging. The revolutionary breakthrough for aryl-aryl coupling methods 
has thus become an important factor for continuous advancement in functional 
conjugated materials. There is no universal synthetic method suitable for all 
substrates owing to the associated advantages and limitations from different 
coupling methodologies. Instead, these coupling methodologies should be 
considered as complementary to each other. In the next section, the strategic 
designs of functional conjugated polymers and small molecules will be 
discussed with more details on conformation-property relationships. 
 
1.3. Linear System 
1.3.1 Linear Conjugation 
Linear conjugated systems with π-electrons delocalization in one 
direction have been well-studied for their properties. High planarity and good 
conjugation in regioregular P3HT are responsible for the small band gap and 
high charge carrier mobility.
28
 It is known that delocalization of π-conjugated 
system will be disrupted if the angle between adjacent p orbitals is large.
29
 A 
twisting of 30° in polythiophene backbone resulted in a band gap increase of 
0.75 eV.
30
 Regio-random poly(3-alkylthiophene)s with high head-to-head or 
tail-to-tail contents showed a broader and less-resolved absorption with blue-
shift in absorption maximum (λmax = 455 nm) as compared to the regioregular 
poly(3-alkylthiophene)s (λmax = 546 nm) owing to the twisting of polymer 
backbone.
31
 Similarly, larger substituents (branched alkyl chain, aromatic ring) 




hindrance. On the other hand, poly(3,4-ethylenedithioselenophene) 8 (where 
sulfur atom is replaced with selenium) and derivatives (Figure 1.1) were 
reported for their low band gap (1.4 eV) relative to the poly(3,4-
ethylenedithiothiophene) 7 (2.0 eV).
32
 As polyselenophene is less electron 
donating than polythiophene, the authors have attributed the low band gap to 
better planarity for rigid poly(3,4-ethylenedithioselenophene), which requires 
a high rotational energy.   
 
Figure 1.1 Chemical structures of 7-10.  
 
Substituents such as the bulky alkyl chains or aromatic rings attached on 
the oligothiophenes or polythiophenes will result in certain degree of torsion 
along the backbone. On the other hand, unsubstituted oligothiophenes or 
polythiophenes have a more planar backbone. However, they are not soluble 
in common organic solvents due to absence of solubilizing group. A proper 
design of side group could be useful for improvements in both solubility and 
planarization of backbone. Oligothiophenes incorporated with 1,1,7,7-
tetraethyl-3,3,5,5-tetramethyl-shydrindacen-4-yl, were synthesized by using 
oxidative homocoupling and Negishi coupling (Figure 1.1).
33
 Single-crystal 
XRD analysis of 9 (4-mers) and 10 (6-mers) showed high coplanarity between 
adjacent thiophene rings with dihedral angles of 0.0 - 14.3° and 0.0 - 8.2°, 
respectively. Compound 9 showed red-shifts in absorption maxima (399 – 414 
nm) as compared to their parent unsubstituted oligothiophenes (390 nm). 
These molecules have good solubility in organic solvents while retaining 
coplanarity by using a properly designed side chain. It is important to 




conjugated systems. Systematic modifications of alkyl chains on 
polythiophene backbone were shown to improve open-circuit voltage (Voc) 
while retaining short-circuit current (Jsc), fill factors, and hole mobililites.
34
 
Other works have demonstrated the impact of rigid polymer backbone 
on optical properties. Poly(p-phenylene vinylene) incorporated with carbonyl 
and imide groups on the double bond (11) was synthesized by Stille 
polymerization (Figure 1.2).
35
 There are a few implications on this: (i) 
solubilizing group can be attached on the imide group, (ii) stabilization of 
LUMO energy level from electron-withdrawing carbonyl group and (iii) 
hydrogen bonding between carbonyl groups and aromatic protons rigidifies 
the polymer backbone. The modified backbone has significant red-shifts in 
absorption maxima of polymer to near-infrared region with a band gap of 1.42 
eV. Strong aggregation was observed for 11 owing to the interchain π-
interactions.  
 
Figure 1.2 Polymer 11 and 12 with rigid conformation induced by hydrogen 
bonding as compared to the flexible PPV.  
 
In comparison, the fluorinated polymer analog, 12 exhibits a stronger 
intramolecular hydrogen bonding between fluorine atoms and aromatic 
protons, leading to a more planar backbone conformation (Figure 1.2).
36
 In 
addition, the small and electronegative fluorine atoms influence the electronic 
properties of conjugated polymers without causing significant torsion along 
the polymer backbone. 12 showed a low LUMO energy level (-4.30 eV) 
owing to the presence of fluorine atoms. The fluorine substituted conjugated 













 as compared to the non-fluorinated polymers.  
Non-covalent intramolecular S-O interactions between alkoxy 
substituents and sulfur atom of thiophene groups are effective for improving 
coplanarity of polythiophene backbone. Dialkoxyphenylene-benzothiadiazole-
based copolymers (13 and 14) were synthesized by using Stille coupling 
reactions (Figure 1.3).
40
 The S-O intramolecular interaction was utilized to 
lock its conformation of 13 in planar fashion. On the other hand, the 
combination of both S-O and S-F intramolecular interactions for achieving 
better coplanarity was shown in 14. As a result, 13 and 14 showed absorption 
maxima at around 575 nm and 650 nm in chloroform, respectively. The highly 
planar 14 showed a high power conversion efficiency of 9.39% even with a 
thick active layer of 290 nm. 
 
Figure 1.3 Chemical structures of polymers 13-16 with intramolecular 
interactions.  
 
A conjugated copolymer (16) consisted of 3-alkyl-3’-alkoxy-2,2’-
bithiophene and phthalimide was synthesized by using Stille reaction 
condition.
41
 In contrast to dialkoxybithiophene with two S-O interactions (15), 
the replacement of one alkoxy group with alkyl group on 16 showed a lower 
HOMO energy level, and thus a better air stability. Furthermore, the backbone 
planarity of 16 was not significantly affected in presence of alkyl chain. This 
is in contrast to the head-to-head polymer analogues, which generally showed 
higher twisting along the polymer backbone. Good solubility and air stability, 
high coplanarity of polymer backbone, and high degree of crystallinity in thin 








1.4. Two-dimensional System 
1.4.1 Cross-conjugation 
Cross-conjugation is defined as having a center substituted with three π-
conjugated moieties of which two are conjugated to the third, but are not 
conjugated to each other.
42
 The π-extension can be easily achieved through 
substitution with conjugated side chains on the polymer backbone. It has been 
shown that cross-conjugation led to red-shifts in absorption maxima, tunable 
HOMO and LUMO energy levels, higher hole mobility, better thermal 
stability, and improved photovoltaic efficiency.
43
 The alkoxy groups on 17 
(Figure 1.4) were substituted with thienyl groups, which resulted in a broad 
absorption edge from 776 nm to 788 nm for 18 in thin film. The optical band 
gap of 18 is 1.58 eV, which is 0.2 eV lower than that of 17. Moreover, the 
HOMO and LUMO energy levels are 0.04 eV lower for thienyl substituted 18, 




Figure 1.4 Chemical structures of cross-conjugated polymers 17-20. 
To further reduce the HOMO and LUMO energy levels, fluorine atom 
was substituted on the thieno[3,4-b]thiophene moiety of 19 and 20.
44
 The 
HOMO and LUMO energy levels of 20 are reduced to -5.49 eV and -3.74 eV, 
respectively, which are 0.38 eV and 0.49 eV lower than those found for 19. 
Subsequently, higher Voc and Jsc values were observed for fluorine-substituted 




In an effort to investigate the effect of conjugated side chains for the 
polymer conformation, three polymers 21-23 substituted with alkylfuryl, 
alkylthienyl, and alkylselenophenyl side groups were prepared by using Stille 
polymerization (Figure 1.5).
45
 It is found that the dihedral angle between furan 
group and polymer backbone is smaller (34°) owing to the smaller steric 
hindrance for 21. The better conjugation between furan side group and the 
polymer backbone gave red-shift in absorption maximum to 720 nm for 21. 
On the other hand, 22 and 23 with thienyl and selenophenyl side groups 
showed absorption maxima at 700 nm owing to the larger dihedral angle (60°). 
As expected, the HOMO energy level of 21 is higher (-5.19 eV) than those 
found for 22 (-5.24 eV) and 23 (-5.29 eV). However, the lower power 
conversion efficiency obtained from 21 (5.28%) might be due to the strong 
polymer aggregation owing to its more planar conformation, as compared to 
22 (9.0%) and 23 (8.78%).  
 
Figure 1.5 Chemical structures of polymers 21-25.  
 
1.4.2. Polycyclic Aromatic Hydrocarbons 
Another important class of two-dimensional conjugated materials is 
polycyclic aromatic hydrocarbons (PAH). One example would be discotic 




columnar phases where the molecules stack on each other in vertical direction 
through π - π interaction.46 In addition, the two-dimensional planar structure 
should provide them a better charge transport property. 24 showed hole 






 from the time-of-flight 
measurement.
47
 The disc-shaped hexabenzocoronene 25 exhibited a charge-






 in crystal phase as measured from pulse-




Figure 1.6 Chemical structures of PAH 26 – 28.  
Corannulene 26 is a bowl-shaped PAH molecule consisted of five fused 
benzenoid rings (Figure 1.6). The perfluroalkyl-functionalized corannulene 27 
was synthesized by gas-phase trifluoromethylation in presence of CF3I.
49
 
Molecule 27 showed a 0.95 V anodic shift of the first reduction wave as 
compared to unsubstituted 26, indicating a deeper LUMO energy level, as a 
result from the electron-withdrawing trifluoromethyl groups attached on 
polymer backbone.  
In contrast to the electron-withdrawing groups used in the example 
discussed above, electron-donating group such as thiophene was fused with 
corannulene in effort to enhance its hole mobility. In addition, the conjugation 
extension along the periphery of corannulene creates a higher dimensional 
transport of charge carriers. Molecule 28 was prepared from Stille coupling of 
thiophene and corannulene, followed by an oxidative cyclization.
50
 Molecule 
28 showed red-shift in absorption maximum to 360 nm owing to its more 
conjugated system as compared to molecule 26. It was found that molecule 28 
exhibits a strong intermolecular π - π stacking due to the S - S interaction as 











A contorted octabenzocircumbiphenyl (29) molecule consisted of six 4-
helicenes and two 5-helicenes was prepared from multiple-step synthesis 
(Figure 1.7).
51
 Compound 29 showed red-shifts in absorption maxima to 411 
nm, 433 nm, and 493 nm in o-xylene, as compared to those of small PAH 
molecules discussed above. The emission maxima of 29 were observed at 549 







was obtained for 29 in thin film. On the other hand, the photovoltaics based on 
29 : PC70BM blended film showed Voc of 0.98 V, Jsc of 7.9 mA cm
-2
, and a 
power conversion efficiency of 2.86 %. A quarteranthene 30 with solubilizing 
tert-butyl groups was prepared from 9-step synthesis (Figure 1.7).
52
 
Compound 30 is expected to have a flat conformation with extensive 
overlapping of π-orbitals. As a result, compound 30 showed broad absorption 










The continuously interest in expanding two dimensional conjugation has 
led to the chemical synthesis of graphene nanoribbons, which shows the 
precise controls over structures, sizes, and properties as compared to top-down 
approaches.
53
 Compound 31 (Figure 1.7) was obtained in two-steps reaction - 
a Diels-Alder self-polymerization of monomer consisted of cyclopentadienone 
and ethynyl groups to afford polyphenylene, followed by the oxidative 
cyclodehehydrogenation in presence of iron(III) chloride.
54
 The presence of 
highly branched alkyl chain allows 31 to be dispersible in common organic 
solvents. Compound 31 showed absorption maximum at 550 nm and optical 
band gap of 1.88 eV.  
 
1.5. High-dimensional Conjugated System 
Although the concept for introducing bulky and rigid substituents on 
conjugated skeleton has been successfully applied in electroluminescence 
devices, OLEDs, and fluorescence sensors, it comes at the expenses of other 
desirable properties. For example, low intrachain and interchain charge 
transports, low extinction coefficients, and large band gaps are generally 
observed for the conjugated systems with disordered conformation, which is 
detrimental for OSCs and OFETs.
55-58
 One alternative to solve this anisotropy 
effect is to design a high dimensional conjugated system with isotropic 
properties. Generally, high dimensional conjugated systems are designed by 
extending the conjugation chain out from the conventional linear conjugated 
system, resulting in a three dimensional space-filling conjugated network that 
leads to a better intermolecular interaction between the conjugated branches.  
 
1.5.1. Dendrimeric-like Conjugated System 
Utilization of a tetrahedral node for extending conjugation in three 
dimensional spaces has been studied. The tetrahedral 32 with four oligo-p-
phenylene arms based on a sp
3
 carbon node were synthesized by using Suzuki 
coupling reaction (Figure 1.8).
59
 These tetrahedral molecules showed good 
solubilities in chloroform and THF even without alkyl chains owing to their 
difficulty in π-π stacking. The oligo(phenylenevinylene)s were attached on 




means of Heck and Suzuki coupling reactions. The amorphous thin films were 
obtained from tetrahedral molecules with longer arm lengths,
60
 but shorter arm 
length gave a more crystalline packing in thin films. 
 
Figure 1.8 Chemical structures of tetrahedral phenylene-oligomer (32) based 
on a sp
3
 carbon node, swivel cruciform oligothiophenes (33 – 35) based on bi-
thiophene or bi-benzothiadiazole, and 90-mers thiophene-based dendrimer 
(36).  
 
In contrast to the sp
3
 carbon node, the thiophene-based conjugated 
systems were synthesized. Cruciform-swivel oligothiophene dimers (33 – 34) 
was designed based on bithiophenes that are connected through β-positions 
(Figure 1.8).
61
 The β-position substitution has caused a larger dihedral angle 




thus resulting in a better solubility. However, the absorption maxima of the 
cruciform oligothiophene (33 and 34) were not significantly different (red-
shift of up to 8 nm) from their linear analogues.
61
 This weak electronic 
interaction between two oligothiophene arms is explained by the strong steric 
hindrance from β-substitution.  
The electron withdrawing 5,5’-bibenzo[c][1,2,5]thiadiazole 
(benzothiadiazole dimer connected via 5,5’-posotion) was synthesized as the 
center building block, which was coupled with bithiophene by using Stille 
coupling reaction to afford the donor-acceptor-donor-type cruciform structure 
(35).
62
 The intramolecular charge transfer from thiophene to 
benzo[c][1,2,5]thiadiazole gave a absorption maximum at 514 nm in 
chloroform. The push-pull effect resulted in a smaller band gap and broad 
absorption range. Similarly, the conformation of cruciform 35 was twisted, 
which showed a blue-shift in absorption maximum (7 nm) relative to the linear 
analogues. Thiophene-based dendrimer with 90-mers (36) was synthesized by 
Suzuki coupling reaction (Figure 1.8).
63
 The soluble dendrimer showed blue-
shift in absorption maximum to 393 nm (THF) and high extinction coefficient 
as compared to linear oligothiophenes.  
 
1.5.2. Hyperbranched Polymers 
Hyperbranched conjugated polymers with three-dimensional architecture 
have gained interest recently owing to their unique properties such as better 
solubility and processability,
64
 tunable photophysical and electronic 
properties,
65




Figure 1.9 Chemical structures of hyperbranched conjugated polymers 37 – 
40.  
Moreover, hyperbranched polymers can be synthesized in one-pot 




a near perfect dendritic structure and low polydispersity index.
67-71
 The Suzuki 
self-polymerization of 3,5-dibromophenylboronic acid afforded a highly 
branched polyphenylene 37 with globular structure, which exhibits good 
solubility in organic solvent (Figure 1.9).
72
 An unsymmetrical hyperbranched 
polythiophene 38 was synthesized by subjecting 2,3-dibromo-5-thienyl 
magnesium bromide to a Ni-catalyzed polymerization.
73
 Compound 38 
showed absorption maxima at 264 nm and 419 nm, and an emission maximum 
at 533 nm. Iron(III) chloride-catalyzed oxidative polymerization of branched 
terthiophene or quaterthiophene monomers afforded 39 or 40 (Figure 1.9).
74
 
Polymer 40 showed red-shift in absorption maximum at 467 nm in 
chlorobenzene, as compared to that of 39 (λmax = 447 nm). The intramolecular 
twisting in 40 is reduced by incorporating more linear segments with low 
degree of functionalization on the polymer backbone. Both polymers showed 
strong emission maxima at 574 nm in chlorobenzene. In addition, 39 and 40 
exhibit similar HOMO and LUMO energy levels at around -5.08 eV and -2.76 
eV, respectively, which are lower than those of P3HT (HOMO = -4.81 eV; 
LUMO = -2.61 eV). However, 39 and 40 showed low charge carrier mobilities 
in the order of 10
-5
 – 10-4 cm2 V-1 s-1,75 due to the loss of packing and 
crystallinity as compared to the linear regioregular P3HT. As a result, power 
conversion efficiencies of less than 1% were obtained. 
 




The low power conversion efficiency of hyperbranched polymers is 
explained by their poor miscibility with acceptors (e.g. fullerene), suggesting 
that hyperbranched polymers might not be suitable as a donor polymer for 
organic photovoltaics. Alternatively, the hyperbranched polymer 41 was used 
as a cathode interlayer polymer to improve the power conversion efficiency 
from 4.83% to 7.70% (Figure 1.10).
76
 Also, the hole mobility increased almost 

















in 41 film.  
Hyperbranched conjugated polymers are also useful for the fabrication 
of OLEDs owing to its non-aggregation property. A benzothiadiazole-based 
hyperbranched copolymer (42) was prepared by subjecting five different 
monomers to the random Suzuki polymerization.
77
 Triphenylamine was used 
as the branching point. It was found that the photophysical and 
electrochemical properties of the polymers are highly dependent on the feed 
ratios of monomers. For example, polymer conformation is affected by 
different feed ratios of monomer, leading to a tunable emission maxima (430 
nm to 617 nm) of polymer in the solid state. As a result, red, green, and blue 
emissions were obtained and used for white light OLEDs.  
1.5.3 Twisted Conformation 
Aggregation-induced emission (AIE) is a unique photophysical 
phenomenon that is commonly observed for conjugated molecules with 
twisted skeleton.
78
 The emission intensity for molecules in solution state is 
small owing to the high non-radiative relaxation as a result from random 
movement of conjugated skeleton upon photoexcitation. In contrast, the 
random conformation of excited conjugated molecules will be restricted in 
solid state or poor solvent, leading to an increased radiative relaxation. 
Moreover, the twisted conformation has resulted in a weak intermolecular π 
interaction that inhibits formation of excimers. The “twisting” concept has 










 These conjugated systems 
are good organic emitters with high fluorescence quantum yields in solid state. 




fluorescence quantum yield) of the molecules could be tuned by attaching 
various substituents on the aromatic system.  
Organic emitters, 43 and 44, composed of triphenylamine core and 
tetraphenylethene components were synthesized by using Suzuki coupling 
reaction (Figure 1.11).
82
 The combination of both electron-donating 
triphenylamine and tetraphenylethene in 43 and 44 gave strong AIE effect and 
high hole mobility. Compound 44 showed a high fluorescence quantum yield 
(close to 100%) in solid state. Moreover, electroluminescence of 44 can be 





) even in absence of hole-transporting layer.  
 
Figure 1.11 Synthesis of 43 and 44 with tetraphenylethene arms.  
 
 
Figure 1.12 Synthesis of zwitterionic poly(fluorene- tetraphenylethene) 45. 
 
The similar concept of AIE enhancement can be applied for conjugated 
polymer. A zwitterionic conjugated polyelectrolyte 45 incorporated with 
tetraphenylethene component was synthesized by using Sonogashira coupling 
reaction (Figure 1.12).
83
 Use of tetraphenylethene monomer eliminates the 
aggregation-induced fluorescence quenching in polymer. The AIE-active 45 




[amino(polyethylene glycol (DSPE-PEG) to improve the biocompability for 
intracellular Fe
3+ 
ions sensing.  
Another approach for suppressing intrachain π interaction in conjugated 
polymer is to create the so-called insulated molecular wires, in which the 
conjugated polymer backbone was protected within a three-dimensional bulky 
group that significantly reduces the interchain interaction, resulting in a high 
solid state fluorescence quantum yield.  
 
Figure 1.13 Synthesis of 46 with cyclic alkyl chains.  
 
Polythiophene 46 sheathed within its cyclic alkyl chain was synthesized 
by using Yamamoto coupling reaction (Figure 1.13).
84
 The insulating alkyl 
chain is expected to prevent π - π stacking of polymer chains in solid state. 
Interestingly, the substitution of cyclic alkyl chain at 3-position of thiophene 
has resulted in a coplanar conformation (torsional angle of 179.04°) with 
neighboring thiophene unit as observed from single-crystal XRD analysis of 
dimer analogues. This is in contrast to the larger twisting along polymer 
backbone as observed for regiorandom polythiophenes. Smaller Stokes shifts 
and higher fluorescence quantum yields (up to 0.61) were also observed for 46 
and derivatives.  
The property changes upon conformational alteration by external stimuli 
have been utilized for the fabrication of sensors and bio-imaging purposes.
85, 86
 
A water-soluble poly(2-(2-(4-methylthiophene-3-yloxy)-ethyl)malonic acid) 
(47) (Figure 1.14) showed a halochromism effect where its absorption 
maximum was shifted from 407 nm (pH >7) to 495 nm (pH <7), which is 
attributed to the conformational stretch of polymer backbone.
87
 Temperature-
induced conformational changes were shown for regioregular polythiophene 
(48) grafted with temperature-responsive poly(N-isopropylacrylamide) units. 




polymer were observed, respectively, upon heating to 50 °C.
88
 The transition 
from the hydrophilic extended coil (associated with longer maximum 
absorption wavelength) to hydrophobic collapsed globule (associated with 
shorter maximum absorption wavelength) is believed to be the reason for the 
observations.  
 
Figure 1.14 Chemical structures of polythiophene 47 and 48. Schematic 
representation on thermochromic property of 48 with a thermoresponsive 
poly(N-isopropylacrylamide) group.  
 
Other works have demonstrated the induced planarization of conjugated 
backbone by environmental stimuli such as the lateral pressure in lipid bilayer 
membranes.
89
 This allows the direct imaging on membrane environments by 
monitoring the changes from the planarization/deplanarization of conjugated 
molecules.
90
 Molecules 49 – 51 with a strong push-pull effect were 
synthesized by attaching electron-donating methoxy and electron-withdrawing 
cyanovinyl groups at both ends of quaterthiophene (Figure 1.15).
91
 Methyl 
groups were attached on the side of quaterthiophene backbone to increase the 
dihedral angles between thiophene rings. Combination of polarization (push-
pull) and planarization of quaterthiophenes resulted in a high sensitivity 
(changes of absorption and emission maxima) towards environmental stimuli. 













For example, the weakly twisted quaterthiophene backbones (i.e 49 and 
50) had smaller red-shifts in absorption and emission maxima because the 
planarization is too easy or too difficult. Therefore, the right degree of twisting 
for quaterthiophene backbone is required so that the shifts in absorption and 
emission peaks are maximized.  
 
Figure 1.15 Chemical structures of quarthiophene (49 – 51) with various 
twisting angles.  
 
Quaterthiophene 51 showed large red-shift (44 nm) in absorption 
maximum and enhancement in emission intensity (487%) upon planarization 
as a result from the “optimal” twisting. This is in contrast to the small red-shift 
(10 nm) and smaller emission intensity enhancement (50%) observed from 
quaterthiophene 49. 
The reversible transition between twisted and planar skeletons can also 
be achieved by using electrochemical methods. The planarity-switchable 




thiophene-fused spirobifluorene and bithiophene by using Stille coupling 
reaction (Figure 1.16).
92
 Consequently, the copolymers are chiral and redox-
active.
30
 Polymer 53 incorporated with hexyl side groups showed a blue-shift 
in absorption maximum (λmax = 398 nm) relative to 52 (λmax = 413 nm) owing 
to a more twisted quaterthiophene.  
 
 
Figure 1.16 Synthesis of planarity-switchable conjugated polymers (52 and 
53).   
 
1.6. Summary  
In summary, π-conjugated systems are considered as one important class 
of materials for developing new functional devices. Many synthetic methods 
have been developed in effort to synthesize π-conjugated systems with good 
purity and well-defined structures. This is important as the photophysical, 
electrochemical, and electronic properties of π-conjugated systems are highly 
dependent on their chemical structures and conformations. Higher-
dimensional π-conjugated systems exhibit different properties as compared to 
those of linear π-conjugated systems. In addition, the conformational changes 
of π-conjugated systems induced by external stimuli (i.e solvent, metal ions, 
heat, light, and etc) lead to properties changes, which are useful for sensor 
application. In other words, the versatility in structural modifications, 
dimensionality and conformation controls of conjugated systems should 
provide endless possibilities for new applications. 
 
1.7. Outline of the Present Work 
The main objective of the present research is to study the effects of 
chemical structures, conformations and dimensionality on the properties of π-
conjugated systems. In this work, the designs, syntheses, and purification of 
multi-dimensional conjugated architectures (one-, two-, and high-dimensional 




relationships. The potential uses of synthesized π-conjugated systems for 
sensors are studied and explored.      
In Chapter 2, linear BODIPY-based conjugated polymers were 
synthesized to study their structure-property relationships. All polymers 
showed selective and reproducible detection of volatile organic solvents such 
as toluene and benzene. 
In order to improve the solvent adsorption property, the hyperbranched 
polymers with high-dimensional architecture were synthesized as described in 
Chapter 3. A series of A2B3 and A2B4 type BODIPY-based hyperbranched 
polymers (HP1-HP3) was synthesized. Among all the polymers tested, HP2 
showed high sensitivity towards benzene and toluene vapors. In addition, the 
hyperbranched polymer HP2 showed higher adsorption capacity for toluene 
over benzene as compared to linear BODIPY copolymers.  
It is interesting to study the effects of increased dimensionality on the 
properties of other conjugated systems. Therefore it is important to develop 
new synthetic strategies for synthesizing higher-dimensional conjugated 
systems. In Chapter 4, a series of soluble three-dimensional swivel-cruciform 
oligothiophenes was synthesized and characterized.  
Based on previous works from Chapter 4, it is found that the properties 
of the SCTs are dependent on the rigidity of the π-conjugated systems which 
is induced by the steric hindrance between oligothiophene branches. This 
leads to reduced aggregation and high solubility for SCTs. In view of these, 
the steric hindrance between adjacent side groups on the polymer is utilized to 
restrict the random movement of the polymer chain, leading to the controllable 
degree of rigidity for polymers. In Chapter 5, the design strategy to restrict the 
free rotation of polymer backbone is reported. A series of rigid poly(p-
phenylene ethynylene)s (PPE1 – PPE4) was prepared from monomers with 
biphenyl- (M1 - M3) and phenyl- (M4) side groups. The properties are 
compared and discussed in detail. The effect of rigidity on the induced 
chiroptical properties of the polymers was studied.  
The conformational changes of PPE conjugated systems are minimal 
after polymerization owing to the rigid systems in both solution and solid 
states. Therefore, it is motivated to explore different strategies for controlling 




as light. In Chapter 6, a series of photochromic dithienylethene incorporated 
with phenol (DTE1), catechol (DTE2), azophenol (DTE3) groups was 
synthesized. The photophysical, photochromic and photoisomerization 
properties of molecules were studied by using absorption and emission 
spectroscopies in different solvents. The transition of self-assembled needles 
to circular shaped nanostructures was observed for DTE2 upon irradiation 
with UV light. The self-assembly of molecules is studied and discussed in 
detail.  
However, such conjugated small molecules showed weak interaction 
with metal ions and not useful for sensor applications. On the other hand, the 
incorporation of metal ion-responsive groups (such as hydroxyl group) in 
polymer is useful in sensitivity enhancement. In Chapter 7, a polymer design 
strategy that selectively detects metal ions is studied. A series of conjugated 
polyphenols incorporated with 3,4,5-trihydroxybenzene group (P1(OH)n – 
P3(OH)n) was synthesized by using Sonogashira polymerization. The metal 
sensing property of polymers is discussed and related to their chemical 
structures and conformational changes upon complexation.  
In Chapter 8, the graphene nanoribbon, a two-dimensional π-conjugated 
system is prepared from solution based chemical synthesis and studied for the 
properties. The challenge is to design and synthesize oligophenylenes with 
substituted directing groups leading to planarization upon oxidative 
cyclodehydrogenation. The precursor oligophenylene molecules were 
synthesized and subjected to oxidative cyclodehydrogenation to afford target 
molecules, G-1 and G-2. The band gaps of graphene nanoribbons are tuned by 
varying the chemical structures of oligophenylenes. These two-dimensional 
G-1 and G-2 exhibit different properties as compared to the precursor 
oligophenylenes.   
In summary, it is demonstrated that the chemical structures and 
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CHAPTER 2: LOW BAND-GAP BODIPY 
CONJUGATED COPOLYMER FOR SENSING 






4,4’-Difluoro-4-bora-3a,4a-diaza-s-indacene dyes, or commonly known 
as boron-di-pyrromethene (BODIPY) dyes, have attracted widespread interest 
due to their interesting optical properties such as high molar absorption 
coefficient, high quantum yield, sharp absorption and emission bands, and 
high photostability.
1,2
 The optical properties of the BODIPY dyes can be fine-
tuned with structural modification or incorporating small substituents on 
different positions of BODIPY core.
3,4
 Such structure-property versatility of 
BODIPY derivatives combined with synthetic accessibility has sparked 
intense research on the uses of BOIDPY in many promising applications such 









 and light-harvesting systems.
10-15
 To date, only a few 
BODIPY-based conjugated polymers have been reported.
16-20
 
The bandgap engineering of conjugated polymers using donor-acceptor 
diad was also used for developing BODIPY incorporated low-band-gap 
conjugated copolymers.
21





 are attractive candidates as electron-accepting moieties 
in conjugated polymers, which show enhancement in light absorption, better 
π-stacking, improved interchain interaction and increased solar cell 
performances.
28-30
 Recently, Toppare and coworkers
27
 reported triazolo-
quinoxaline incorporated conjugated polymers with narrow band gaps (1.00 
eV) and broad absorptions between 700 nm and 1000 nm.
 
Similarly, 
diketopyrrolopyrrole (DPP) incorporated polymers showed low band gap,
31
 
low HOMO and LUMO energy levels, broad absorption that extends to near 
infrared region,
32
 strong π-stacking,33 high hole and electron mobilities,33-35 
and high power conversion efficiency in organic solar cell.
32,36
  
The rapid deterioration of environment owing to the emission of volatile 
organic compounds from chemical industries demands development of sensors 
which could detect such compounds fast and selectively upon exposure to 
contaminated air. Many research groups have used quartz crystal microbalance 
(QCM)
37
 for detection of small molecules, protein immobilization and gas 
sensing by measuring the changes in frequency of the quartz crystal resonator 








 coated on QCM electrodes were also used for the 
development of sensors by monitoring the changes in mass through adsorption 
of volatile organic vapors. However, there is no studies on vapors sensing 
based on BODIPY conjugated polymers. It is conceivable that the extended π-
system of BODIPY polymer leads to a stronger interaction with aromatic 
solvents such as benzene and toluene, as compared to that of small polar 
solvent molecules. In addition, the chemical structures of BODIPY based 
polymers are easily modified by copolymerizing of BODIPY moiety with 
different acceptors, which allows one to study their sensing performances. In 
this chapter, the aim is to understand the properties of BODIPY based 
polymers with linear structures, which can be obtained by directing the 
polymerization via both 2- and 6-positions of BODIPY moiety as described 
below.    
 




Herein, the synthesis and characterization of low band gap copolymers 
with BODIPY and five acceptors incorporated on the main chain for the 
detection of different organic solvents are shown. Homopolymer of BODIPY 
(P1) and five new alternating copolymers (P2-P6) were synthesized using 
Sonogashira polymerization (Scheme 2.1). Different electron acceptors, 3,6-
dithienyl-diketopyrrolopyrrole (P2), phthalimide (P3), benzotriazole (P4), 
[1,2,3]triazolo[4,5-g] quinoxaline (P5), and dithienyl-thieno[3,4-b]pyrazine 
(P6) were selected for copolymerization with BODIPY. Interactions of all 
target polymers with a few common solvent vapors are examined using a 
QCM sensor.  
 
Scheme 2.2 Synthesis of BODIPY-based conjugated polymers (P1-P6). 
 
2.2 Results and Discussion 
2.2.1 Synthesis and Characterization 
2,6-Diethynyl BODIPY (5a and 5b) was synthesized according to 
reported procedures with a few modifications.
16,18,19,42











 were synthesized and characterized using 




The BODIPY homopolymer, P1, was synthesized according to a reported 
procedure.
47
 The target polymers were synthesized using Sonogashira 
polycondensation
18,47
 in presence of Pd(PPh3)4 as catalyst and CuI as co-
catalyst (Scheme 2.2), dissolved in tetrahydrofuran/diisopropylamine under 
nitrogen. The reaction mixture was refluxed under darkness for 48 hours to 
yield target polymers. All crude polymers were purified by Soxhlet extraction 
to yield the pure polymers (P2 – P6) in good yield (68 - 87%). The purified 
polymers are soluble in common organic solvents such as chloroform, 
tetrahydrofuran, chlorobenzene and 1,2-dichlorobenzene.  
Molecular weights of all polymers were calculated using gel permeation 
chromatography (GPC) using tetrahydrofuran as eluent with polystyrene 
standards. As expected, 
1
H NMR peaks of polymers were broader than those 
of monomers. All peaks in 
1
H NMR spectra of the monomers and polymers 
are comparable except the disappearance of ethynyl proton peak at 3.31 ppm 
(Appendix, Figure S2.15 – S2.20). The estimated number-averaged molecular 








with PDI less than 2 (Table 2.1). The incorporation of branched alkyl chains 




Figure 2.1 Thermogravimetic analysis (TGA) results of BODIPY-based 
conjugated polymers under nitrogen atmosphere using a heating rate of 10 ºC 
min
-1
. Most polymers showed degradation temperatures in the range of 310 – 
430 ºC.                 







































 2.2.2 Thermal Properties  
Thermal stability of the polymers was evaluated using 
thermogravimetric analysis (TGA) using a heating rate of 10 ºC min
-1
 under 
nitrogen atmosphere. All samples were dried in vacuum oven at 50 ºC to 
remove traces of solvents before analysis.  
From the data, P2 has the highest decomposition temperature, 431 ºC, 
while P6 has the lowest decomposition temperature, 381 ºC (Figure 2.1). In 






ºC and 418 ºC, respectively (Table 2.1), which implies high 
thermal stability. The phase transition of polymers was studied using 
differential scanning calorimetry (DSC) at a heating rate of 10 ºC min
-1
 under 
nitrogen atmosphere. No clear phase transition can be observed (Appendix, 
Figure S2.21 – S2.26), indicating a rigid polymer backbone.16,18                    
Table 2.1 Molecular weights of BODIPY-based conjugated polymers. 
 
2.2.3 Photophysical Properties  
The absorption properties of the BODIPY-based conjugated polymers 
(P1- P6) were measured in dilute chloroform and in thin film. 2,6-Diethynyl 
BODIPY core possess a characteristic So  S1 (π - π*) transition at about 540 
and a So  S2 (π - π*) transition at about 350 – 450 nm.
16
 Significant red-
shifts in the absorption maximum were observed for all polymers (P1 – P6) as 
compared to that of the BODIPY monomer due to the extended conjugation 



























75 600 109 560 1.45 390 
P2 
 
89 760 142 100 1.58 431 
P3 
 
58 310 116 210 1.99 404 
P4 
 
68 120 123 500 1.81 415 
P5 
 
16 860 25 530 1.51 418 
P6 
 
44 060 65 570 1.49 381 
a 
Mn, Mw, and polydispersity indexes were determined by GPC using 
polystyrene as standard in THF. 
b 
Decomposition temperature was 




homopolymer P1 was obtained at 665 nm in dilute chloroform solution, and at 
725 nm in thin film (Figure 2.2A). The observed second absorption maximum 
at 720 nm in chloroform with comparable extinction coefficient to that of 665 
nm is accounted for the aggregated form of P1. When a poor solvent, hexane 
was added to the chloroform solution of P1, intensity of absorption at 665 nm 
was quenched, whereas the intensity at 720 nm was enhanced. The observed 
changes for all polymers in chloroform before and after addition of hexane are 
shown in Figure 2.2.  
The absorption maxima of P3 and P4 in chloroform solutions are 610 
nm and 630 nm, respectively, while absorption maximum of P4 is more red-
shifted (20 nm) as compared to that of P3. The emission maxima of P3 and P4 
are 640 nm and 650 nm in dilute chloroform, respectively. The absorption 
maxima of P3 and P4 in solid state are 680 nm and 700 nm, respectively, as a 
result from polymers aggregation. There is no significant difference found in 
the solid-state optical band gap of polymers by replacing the phthalimide 
moiety in P3 to benzotriazole group in P4. However, when the 
diketopyrrolopyrrole is co-polymerized with BODIPY to form P2, the 
absorption maximum in chloroform and thin film are significantly red-shifted 
to 760 nm and 780 nm, respectively, and emission maximum to 800 nm. The 
optical band gaps of P2 in chloroform solution and in thin film are estimated 
as 1.51 eV and 1.38 eV. The observed red-shift in absorption maximum and 
smaller band gap are explained by the small dihedral angles along the polymer 




The absorption maxima of P5 in chloroform solution and in thin film are 
690 nm and 730 nm, respectively, and for optical band gap in thin film is 1.35 
eV. Meanwhile, the optical band gap for P5 is much lower than other 
polymers and this is due to the quinoidal form of triazolo-quinoxaline and a 
higher lying HOMO energy level. The absorption maximum has shifted to 625 
nm in chloroform and 710 nm in P6. The large shift in absorption maximum 
(85 nm) of P6 from solution to solid state indicates an efficient π- π transition 





Figure 2.2 (A) Absorption spectra of polymers in chloroform (-■-), 1:1 
chloroform/hexane mixture (-●-) and thin film (-▲-);  (B) solution state 
photoluminescence spectra of polymers in chloroform (--■--), 1:1 
chloroform/hexane mixture (--●--). Polymers thin films were prepared by drop 
casting polymer solution onto quartz plates, followed by slow evaporation at 
room temperature. 


























































































































λexc = 665 nm
λexc = 690 nm
λexc = 610 nm



























































































































λexc = 630 nm
λexc = 690 nm




Table 2.2 Summary of photophysical properties of BODIPY-based 
conjugated polymers (P1-P6).  
 
Absorption Fluorescence* 



































e       
(%) 
P1 665 78 735 1.69 725 760 1.63 680 685 18.3 
P2 760 105 820 1.51 780 895 1.38 800 805 3.8 
P3 610 70 715 1.74 680 735 1.69 640 645 19.0 
P4 630 75 715 1.73 700 740 1.68 650 650 15.4 
P5 690 40 840 1.48 730 920 1.35 750 750 2.9 
P6 625 50 825 1.51 710 895 1.38 650 655 2.1 
a ε extinction coefficient was calculated by dividing absorbance by 
concentration (mg cm
-3
) and cuvette path length (1 cm). 
b λonset was calculated 
from the intersection of the tangent lines drawn to the lowest energy 
absorption edge to the baseline. 
c λmax was measured from polymer thin film on 
quart plate. 
d 
Eg = 1240/ λonset. 
e ϕf fluorescence quantum yields of polymers 
were determined in chloroform using fluorescein (0.1 M NaOH, quantum yield 
of 0.85) as reference. * No detectable emission was observed from thin films 
of the polymers, owing to the strong quenching effect. The concentrations of 




This might be due to high electron density of thiophene that results in stronger 
electrostatic interaction between polymer chains.  
It is observed that P2, P5 and P6 have a broader absorption that covers 
from visible to near infrared region. Particularly, P2 has the highest extinction 
coefficient among all polymers, which makes it a potential polymer for OPV 
applications. P2 and P5 showed larger stoke shifts than P1, P3, P4 and P6, 
indicating that the later polymers have rigid conformation in solution state. 
The fluorescence quantum yields of P1-P6 (Table 2.2) were determined in 
chloroform using fluorescein (0.1 M NaOH, quantum yield of 0.85) as 
reference.
18,48 
P1, P3, and P4 showed quantum yields of 18.3%, 19.0% and 
15.4%, respectively. In contrast, smaller fluorescence quantum yields were 
found in P2, P5, and P6 with 3.8%, 2.9% and 2.1%, respectively, owing to the 
stronger intersystem crossing originated from the heavy atom effect of sulfur 
on thiophene.
18,47,49,50
 The solvent effect on polymer was examined by taking 
absorption spectra in toluene (Appendix, Figure S2.27). It is found that P2 (20 




nm), P4 (5 nm) and P6 (2 nm) with smaller red-shift. The larger red shift in 
absorption maxima for P2 and P5 can be explained by the planarization of 
polymer backbone in toluene.  
 
2.2.4 Electrochemical Properties  
Cyclic voltammetry (CV) was used to evaluate redox behaviors of the 
polymers. Polymer solution in chloroform (1mg ml
-1
) was drop-casted on a 2 
mm diameter Pt disk electrode to form a thin film. The cyclic voltammograms 
were recorded using 0.1M tetrabutylammonium hexafluorophosphate solution 
in anhydrous acetonitrile at a scan rate of 100 mV s
-1
 using a standard calomel 
electrode (SCE) as reference electrode and were calibrated with 
ferrocene/ferocenium ion (Fc/Fc
+
) redox couple (Figure 2.3). The oxidation 
and reduction potentials were determined from the onset potentials of 
oxidation and reduction sweeps. The corresponding HOMO and LUMO 
energy levels of polymers were estimated by assuming the absolute HOMO 
energy level of ferrocene to be -4.8 eV relative to the vacuum level. All 
electrochemical data of the polymers are summarized in Table 2.3 for 
comparison. CV traces of BODIPY homopolymer P1 show two irreversible 
peaks, an oxidation at +1.03 V and a reduction at -1.71 V. The latter is the 
characteristic reduction peak of BODIPY core. The HOMO and LUMO 
energy levels of P1 are -5.32 eV and -3.65 eV, respectively, and 
electrochemical band gap of P1 as 1.67 eV. Both P3 and P4 show similar 
oxidation and reduction patterns to that of P1. In addition, the HOMO energy 
levels of P3 and P4 are -5.36 eV and -5.32 eV, respectively, while the LUMO 
energy levels of both polymers are -3.68 eV. Since the HOMO and LUMO 
energy levels in P1, P3 and P4 are similar, incorporation of benzotriazole or 
phthalimide units as acceptors did not significantly perturb the energy levels 
of the copolymers. The electrochemical band gaps of P1, P3 and P4 are 1.67 
eV, 1.68 eV and 1.64 eV, respectively, which are in good agreement with the 
thin film optical band gaps. 
P2 shows a quasi-reversible oxidation at +0.75 V and an irreversible 
oxidation at +1.00 V. The quasi-reversible oxidation can be assigned to the 
oxidation of DPP and second oxidation peak arises from oxidation of 




observed at -1.78 V for P2. The corresponding HOMO and LUMO energy 
levels of P2 are -5.15 eV and -3.62 eV, respectively. In comparison, P2 with 
DPP unit has relatively high-lying HOMO energy levels and similar LUMO 
energy levels, as compared to P1. The electrochemical band gap of P2 is 1.54 
eV, which is lower than that of P1, P3 and P4. On the other hand, coupling of 
BODIPY unit with phthalimide (P3) or benzotriazole (P4) has shown 
minimum changes in LUMO-HOMO energy levels and band gaps of the 
polymers. This indicates that the electron affinities of both phthalimide unit 
and benzotriazole unit are comparable.     
 
 
Figure 2.3 Cyclic voltammograms of BODIPY-based polymer films: 
oxidation waves (a and b), and reduction waves (c and d) of P1-P6 measured 
in 0.1 M tetrabutylammonium hexafluorophosphate solution of anhydrous 
acetonitrile at a scan rate of 100 mVs
-1
 using a standard calomel electrode 
(SCE) as reference electrode. Polymer films were prepared by drop casting 
polymer solution in chloroform (1 mg mL
-1
) on a Pt disk electrode. The 
potentials were calibrated with ferrocene/ferocenium ion (Fc/Fc
+
) redox 
couple. The corresponding HOMO and LUMO energy levels of polymers 
were estimated from the onset oxidation and reduction potentials. 
P5 shows two irreversible oxidation peaks at +0.72 V and at +0.97 V. 
The first peak corresponds to the oxidation of quinoxaline and the second peak 
is from the oxidation of BODIPY core. On the reduction sweep of CV, P5 



























































































peaks at -1.35 V, -1.48 V and -1.85 V were observed, and accounted for 
characteristic reduction peaks of quinoxaline unit in P5.
27
 The corresponding 
HOMO and LUMO energy levels are at -5.21 eV and -3.69 eV, respectively, 
and calculated electrochemical band gap is 1.52 eV. Similarly, P6 shows two 
irreversible oxidation peaks at +0.63 V and at +1.04 V, and an irreversible 
reduction peak at -1.55 V. The HOMO and LUMO energy levels of P6 
calculated from the oxidation and reduction onsets are -5.14 eV and -3.61 eV, 
respectively. By attaching dithienyl-[1,2,3]triazolo[4,5-g] quinoxaline (15) or 
di(thiophen-2-yl)-thieno[3,4-b]pyrazine (18) with the BODIPY on the polymer 
backbone destabilized the HOMO energy levels by 0.11 V – 0.18 V, as 
compared to that of P1. The LUMO energy levels of P5 and P6 are similar to 
that of P1. Also, all polymers (P1 –P6) show similar values in LUMO energy 
levels of around 3.61 – 3.69 eV, which implies that LUMO energy levels of 
BODIPY-based copolymers are not significantly affected by the nature of 
acceptors on the polymer backbone.
20
    
 






















P1 +0.52 -5.32 -1.15 -3.65 1.67 
P2 +0.35 -5.15 -1.18 -3.62 1.54 
P3 +0.56 -5.36 -1.12 -3.68 1.68 
P4 +0.52 -5.32 -1.12 -3.68 1.64 
P5 +0.41 -5.21 -1.11 -3.69 1.52 




and Ered were determined from the onset potentials of the oxidation 
and reduction peaks. 
b 
Electrochemical HOMO = -(Eox
 
+4.8) eV and 
electrochemical LUMO = -(Ered
 
+ 4.8) eV. 
c 
Electrochemical band gap Eg 








Figure 2.4 Model dimers (P1-P6) for BODIPY-based polymers with HOMO 
and LUMO surface plots calculated using DFT at B3LYP/6-311g (d, p) level. 














Table 2.4 Summary of calculated HOMO and LUMO energy levels of 
monomers and model dimers of P1-P6 using DFT at B3LYP/6-311g (d, p) 
level. 










































2.2.5 Theoretical Calculations  
Density functional theory (DFT) calculations were performed on the 
monomers and model dimers in gas phase with corresponding repeat units in 
order to gain better understanding of the electrochemical properties of 




Their frontier orbital energy levels were estimated from the optimized 
geometry using Gaussian09
51
 at B3LYP/6-311g (d, p) levels, HOMO and 
LUMO surface plot of model compounds are compared in Figure 2.4. In the 
case of P3 and P4, the HOMO wavefunction is delocalized on both monomers 
while the LUMO wavefunction is exclusively found on BODIPY moiety. 
Thus, P3 and P4 are expected to show similar optical and electrochemical 
properties as found in BODIPY homopolymer, P1. This is reflected from both 
theoretical and experimental studies that P1, P3, and P4 exhibit similar 
frontier orbitals energy levels and band gaps (Table 2.4).  
On the other hand, the HOMO wavefunction is significantly distributed 
on DPP core in P2. This can be explained based on the higher HOMO energy 
level (-5.22 eV) of DPP as compared to the BODIPY core (-5.69 eV). 
Therefore, HOMO energy level of the model dimer (DPP-BODIPY) is 
influenced by HOMO energy level of DPP. The estimated HOMO energy 
level is relatively higher than the one found in BODIPY homopolymer. 
Conversely, the LUMO wavefunction of the model dimer is delocalized on 
model dimer backbone and there was no significant difference in LUMO 
energy levels between P2 and BODIPY homopolymer based on theoretical 
calculation and CV results.  
 
2.2.6 Surface Morphology  
The surface morphology of the polymer films was examined using field 
emission scanning electron microscopy (SEM). Dilute solutions of polymers 
in THF, toluene, chloroform and chlorobenzene were drop-casted on a glass 
substrate at room temperature to obtain smooth and featureless thin films. In 
the case of dilute chloroform solution, polymer thin films with honey comb 
structures with a hole diameter of 0.2 µm to 1.0 µm were formed upon slow 
evaporation of chloroform (Figure 2.5). All polymer films cast from 
chloroform gave similar surface morphologies. In separate experiment, 
polymers were precipitated from chloroform solution by adding appropriate 
amounts of methanol and the resulting suspension was drop-casted on the 
glass substrate. All polymers showed random-shaped precipitates with no 






Figure 2.5 FESEM micrographs of the polymer films prepared by drop 
casting the chloroform solution of polymers on a precleaned glass substrate. 
The chloroform was allowed to evaporate slowly at room temperature. All 
polymers showed honeycomb structures with micron-sized diameter. 
 
2.2.7 Studies on Solvents Vapor Adsorption of Polymer Films  
Gas sensing properties of P1 – P6 were examined using a quartz crystal 
microbalance (QCM) method. Figure 2.6a and Figure 2.6b shows typical 
example of the time dependencies of frequency shifts for QCM electrode 
prepared using P2 and P5 polymer, respectively, upon exposure to different 
solvent vapors (water, methanol, acetone, benzene, and toluene). Frequency 
shifts are very rapid upon exposure of the polymer film to solvent molecules 
and largely depends on the nature of solvent molecules. For instance, 
frequency shift caused due to water adsorption (7 Hz) for P2 electrode is 
extremely low, indicating no interaction between polymers and water. 
Frequency shift caused due to methanol adsorption (224 Hz), and acetone 
5 µm 5 µm
5 µm 2 µm




adsorption (542 Hz) are much higher than water adsorption but it is lower than 
the aromatic solvent vapors such as benzene (1667 Hz) and toluene (2579 Hz) 
showing higher selectivity of P2 towards aromatic solvents. P5 electrode also 
displayed similar vapor adsorption properties. Frequency shifts caused due to 
water, methanol, acetone, benzene, and toluene were approximately 1, 147, 
675, 1776, and 2785 Hz, respectively. The selectivity of sensing decreases in 
the following order: Toluene > benzene > acetone > methanol >water. Rest of 
the polymers (P1, P3, P4, and P6) also followed similar adsorption trend 
(Appendix, Figure S2.29).  
 
Figure 2.6 (a) QCM frequency shifts of P2 electrode upon exposure to 
different solvent vapors (methanol, acetone, benzene, and toluene), (b) the 
corresponding QCM frequency shifts of P5 electrode, (c) repeatability test of 
P2 electrode upon exposure and removal of toluene vapors as typical example, 
and (d) summary of frequency shifts of P1, P2, P3, P4, P5, and P6 electrodes 
upon exposure of water, methanol, acetone, benzene, and toluene vapors.  
 
The higher adsorption of aromatic solvent vapors could be due to π-π 
interactions between polymers and aromatic solvent molecules. Particularly, 
P2 and P5 showed higher toluene adsorption than other polymers. This could 
be explained by a better adsorption of toluene on P2 and P5 with branched 




polymer backbone. However, other factors such as porosity, solubility, and 
chemical structures of the polymers need to be studied further to fine-tune 
their affinity towards toluene. Figure 2.6c demonstrates that sensing of solvent 
vapors could be repetitively performed by alternate exposure and removal of 
toluene vapors to the polymer (e.g. P2) electrode. Repeatability data for P1 
and P6 upon exposure of toluene and benzene vapors are shown in Figure 
S2.30. Summary of frequency shifts for all electrodes upon exposure of 
different solvent vapors are presented in Figure 2.6d. 
2.3 Conclusion 
In this work, five novel BODIPY-based alternating copolymers with 
diketopyrrolopyrrole (P2), phthalimide (P3), benzotriazole (P4), dithienyl-
triazoloquinoxaline (P5), and dithienyl-thienopyrazine (P6) as acceptors were 
prepared by palladium catalyzed Sonogashira polymerization. All copolymers 
showed absorption maxima at longer wavelengths as compared to BODIPY 
monomer. Particularly, P2 exhibited low thin film optical band gap and 
highest extinction coefficient with absorption maximum in deep red region 
among all other copolymers. The HOMO and LUMO energy levels of all 
copolymers were estimated from cyclic voltammograms. Honey comb 
morphology was observed for all polymers thin films obtained by drop-casting 
the chloroform solution on a glass plate under ambient conditions. The gas 
sensing capability of the polymers was studied using QCM. These polymers 
with strong π interaction showed strong affinity towards benzene and toluene 
vapors with high reproducibility.  
2.4 Experimental Section  
2.4.1 Instrumentation 
1
H NMR and 
13
C NMR spectra were recorded on Bruker Avance AV300 
(300 MHz) and Bruker Avance AV500 (500 MHz) NMR instruments using 
CDCl3 or CD2Cl2 as the solvent. The chemical shifts were reported in part per 
million or ppm and referenced to the residual solvent peak: s = singlet, d = 
doublet, t = triplet, m = multiplet, and b = broad. Electron Impact mass 
spectroscopy (EI–MS) mass spectra were obtained on a Finnigan TSQ7000. 
Matrix assisted laser desorption ionization-Time of Flight (MALDI-TOF) 




reflectron analyzers. Gel permeation chromatography (GPC) spectra for 
polymers were measured on a Waters e2695 alliance system equipped with 
Waters 2414 refractive index detector. Tetrahydrofuran (THF) was used as the 




C and polystyrene standards 
were used for calibration. UV-visible spectra were measured on a UV-1800 
Shimadzu UV-VIS spectrophotometer with an optical filter that is calibrated at 
a bandwidth of 1 nm. The emission spectra were measured on a RF-5301PC 
Shimadzu spectrofluorophotometer. The cyclic voltammograms were recorded 
with a computer controlled CHI electrochemical analyzer at a constant scan 
rate of 100 mVs
-1
. The potentials were calibrated using ferrocene/ferocenium 





) were used to estimate HOMO (EHOMO) and LUMO (ELUMO) 
energy levels of polymers using the equation EHOMO = -(4.8 + Eox
onset
) and  
ELUMO = -(4.8 + Ered
onset
). Thermogravimetric Analysis (TGA) and Differential 
Scanning Calorimetry (DSC) data were recorded under nitrogen atmosphere 
on a TA Instruments 2960 and TA instrument 2920. Scanning Electron 
micrograph was recorded by a JEOL JSM-6701F Field Emission Scanning 
Electron Microscope (FESEM). Thin films of polymers were prepared as 
follows: Polymer (1.0 mg) was dissolved in organic solvents (toluene, THF, 
chlorobenzene and chloroform; analytical grade) (1.0 mL) and the undissolved 
polymer was filtered prior drop casting. The polymer solution was drop-casted 
on a glass substrate, and solvent was allowed to evaporate at 25 ºC under 
ambient conditions. The film was dried in vacuum prior to FESEM 
examination. The BET analysis was conducted at 77 K using an Autosorb-1 
from Quantachrome Instruments. The polymer samples were dried in vacuum 
overnight at 50 °C to remove all gasses.   
 
2.4.2 Materials  
All chemicals and reagents were purchased from commercial sources 
(Sigma Aldrich, Alfa Aesar and Merck) and used without further purification. 
Reactions were monitored by thin-layer chromatography (TLC) carried out on 
silica gel plates. Preparative separations were performed by column 





2.4.3 General Procedure for Sonogashira Polymerization 
Both monomers, Pd(PPh3)4 catalyst and CuI cocatalyst were added into a 
2-neck round bottom flask under nitrogen protection. A 2:1 mixture of THF 
and diisopropylamine was degassed with nitrogen for 15 minute, transferred 
into the reaction flask under nitrogen atmosphere. The reaction mixture was 
stirred at 65 
o
C for 48 hour under darkness. The excess solvent was removed 
under reduced pressure, polymers were precipitated in excess methanol and 
collected using filtration. The crude polymers were purified by Soxhlet 
extraction using various organic solvents. Methanol was used to remove the 
unreacted monomers and catalyst. Acetone and hexane were used to remove 
the low molecular weight oligomers. Lastly, the polymers were extracted into 
hot chloroform. The chloroform fraction was concentrated and reprecipitated 
from methanol to yield the target polymers. The procedures and 
characterizations of both monomers and polymers are given in Appendix.  
 
2.4.4 Sample Preparations for Properties Studies  
In this study, a resonance frequency of 9 MHz (AT-cut) was used. The 
frequency of the Quartz Crystal Microbalance (QCM) electrode was measured 
during adsorption and was recorded when it had become stable; for example, 
QCM frequency in air was stable within ±2 Hz during 1 hour. The polymers 
(P1, P2, P3, P4, P5, P6, 4.0 mg each) were dispersed in isopropanol (2 mg 
mL
-1
). The mixtures were then ultrasonicated for 30 minutes in a bath 
sonicator and 3 L of this dispersion was drop casted on the QCM electrodes. 
The electrode was dried at 60 C in vacuum for 24 hours before measurements. 
The prepared QCM electrode was then applied to the QCM instrument and 
exposed to the solvent guest molecules in a sealed volume to prevent the 
escape of the vapors during the adsorption measurements. Between 
measurements, the electrode was exposed to air to desorb the solvent vapor. 
The recovery of the initial frequency value was taken as an indication of 
complete desorption. Experiments were carried out at 25 °C.  
When the surface of a quartz crystal electrode is coated with polymer, 
mass changes and this change (m` in g cm
-2
) can be measured by the 




to the sample amount loaded on the QCM electrode can be calculated from 
Sauerbrey equation. 
    
where ƒo (Hz) is the natural frequency of the quartz crystal, Q is the quartz 
density (2.649 g cm
-3







2.4.5 Synthesis Procedures and Characterizations 
All synthetic procedures, characterizations, and samples preparation are 
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CHAPTER 3: BODIPY BASED 
HYPERBRANCHED CONJUGATED POLYMERS 








Linear conjugated polymers have attracted research interests in recent 
years owing to promising applications in optoelectronics, solar cells, field 
effect transistor, light-emitting diodes, chemo- and bio-sensors.
1-6
 On the other 
hand, hyperbranched conjugated polymers with three-dimensional architecture 
have gained interest recently owing to their unique properties such as better 
solubility and processability,
7
 tunable photophysical and electronic 
properties,
8,9
 Hyperbranched polymers can be synthesized in one-pot reaction 
with low degree of control over molecular weights and branching of 
chains,
10,11







 drug delivery system,
16,17
 and organic photovoltaics.
18,19
  
Conjugated polymers such as regioregular polythiophene and 
polypyrrole have been studied as chemiresistor
20
 and optical sensor
21,22
 with 
good selectivity towards volatile organic vapours. Belge et al showed that the 
hyperbranched polyesters with polar functional groups absorb small organic 
molecules inside the polymer matrix by monitoring the film thickness using a 
reflectometric interference spectroscopy.
23
 However, in many reported studies, 
the sensing mechanisms are complicated and involves expensive 
instrumentations. On the other hand, low-cost and reliable techniques such as 
quartz crystal microbalance (QCM) have been utilized by many research 
groups for the detection of airborne substances.
24,25





 coated on QCM electrodes were used to 
detect volatile organic compounds by monitoring the mass changes per unit 
area through vapor adsorption.   
4,4’-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) is interesting 
owing to its high photostability, high extinction coefficient, and tunable 
optical and electronic properties through structural modifications.
28,29
 
BODIPY-based conjugated polymers have been studied in applications such 
as organic photovoltaics.
30,31
 Synthesis and characterization of a BODIPY-
based microporous conjugated polymer was reported recently to show 







Figure 3.1 Schematic illustration on BODIPY hyperbranched conjugated 
polymers that interact with electron rich aromatic hydrocarbons such as 
toluene.   
 
 
Scheme 3.1 Structures of BODIPY incorporated hyperbranched polymers 
(HP1 – HP3). 
 
In Chapter 2, QCM electrodes coated with BODIPY-based linear 
conjugated copolymers were developed for selective sensing of benzene and 
toluene vapors with high sensitivity and good reproducibility.
33




hypothesized that hyperbranched polymers with low degree of aggregation 
could be a good candidate for interacting with aromatic organic molecules 
(Figure 3.1). In addition, it is conceivable that the hyperbranched polymers 
with high porosity would allow stronger adsorption of aromatic molecules. 
The design strategy involves the synthesis of soluble hyperbranched polymers 
incorporated with BODIPY units that interact strongly with nonpolar and toxic 
solvent molecules such as benzene and toluene. In addition, three different 
spacers are incorporated between BODIPY units along the polymer backbone 
to study the effect of polymer conformation and porosity on vapor sensing.  
 
3.2 Results and Discussion 
3.2.1 Synthesis of Monomers and Hyperbranched Polymers 
2,6-Diethynyl BODIPY with a branched solubilizing alkyl group was 
synthesized according to the previously reported procedures.
33
 Tris-(4-
iodophenyl)amine was synthesized from iodination of triphenylamine in 
presence of KI and KIO3 as shown in Scheme 3.2.
34
 Palladium catalyzed 
Suzuki-Miyaura coupling
35
 of tris-(4-iodophenyl)amine with 3-
hexylthiophene-2-boronic acid pinacol ester followed by bromination using 
NBS to afford monomer 2 in good yield (65%). The chemical structure of 2 




C NMR (Appendix, Figure S3.2). The 
hyperbranched polymers (HP1-HP3) were synthesized using Sonogashira 
polymerization in presence of Pd(PPh3)4 and CuI as catalyst (Scheme 3.3) in 
40 – 50% yield. The purified polymers are soluble in common organic 
solvents such as tetrahydrofuran, chloroform, toluene, and chlorobenzene. 
1
H 
NMR spectra of HP1-HP3 in deuterated chloroform showed broad peaks from 
their respective monomers (Appendix, Figure S3.5 - S3.7), indicating the 
formation of copolymer. In addition, the integration ratio of proton peaks 
between B3 monomer (benzene or tris(4-(5-bromo-3-hexylthiophen-2-
yl)phenyl)amine) and A2 monomer (BODIPY) indicated a 1:3 composition in 
HP1 and HP2. On the other hand, the integration ratio for HP3 (A2B4 type) 
was found to be 1:4. The molecular weights and polydispersities of HP1-3 
were determined using gel permeation chromatography (GPC) with 





Scheme 3.2 Synthetic scheme for compound 2; (i) KI, KIO3, AcOH, 110 °C, 6 
h, 90%; (ii) (a) 3-hexylthiophene-2-boronic acid pinacol ester, Pd(PPh3)4, 
K2CO3, n-butanol, H2O, 110 °C, 4 h; (b) NBS, DMF, 4 °C, 3 h, 65 %.    
 
 
Scheme 3.3 Synthesis of hyperbranched polymers HP1-HP3 using 
Sonogashira polymerization. 
 
The estimated number average molecular weights (Mn) of the polymers 
were in the range of 1.0 x 10
4







molecular weights (Mw) were in the range of 2.0 x 10
4





with polydispersity index less than 2.10. The thermal stability of the polymers 
was analyzed using thermogravimetric analysis (TGA) under nitrogen 
atmosphere using a heating rate of 10 °C min
-1
 (Figure 3.2). All polymers 
showed high thermal stabilities at temperature higher than 400 °C, which 



























HP1  25 300 44 400 1.75 415 
HP2  10 500 21 700 2.10 445 
HP3  21 270 38 960 1.85 430 
a 
Mn, Mw, and polydispersity indexes were determined using 
GPC with polystyrene as standard in THF. 
b 
Decomposition 




Figure 3.2 TGA traces of HP1-HP3 recorded under nitrogen atmosphere with 
a heating rate of 10 °C min
-1
 up to 700 °C. 
 
3.2.2 Photophysical Properties  
The absorption and emission characteristics of BODIPY based 
hyperbranched polymers were studied using dilute polymer solutions in 
chloroform and compared with the monomer 2,6-diethynyl BODIPY which 
has a characteristic absorption maximum at 540 nm arising from a So→ S1 (π - 
π*) transition along with a small absorption band at 350 - 450 nm originating 
from an So→ S2 (π - π*) transition.
30
 The absorption maxima of all polymers 
were red-shifted as compared to that found in monomer, which is attributed to 
the extended conjugation on the polymer backbone. These hyperbranched 
polymers show solvatochromism in different solvents (Figure 3.3 and Table 





























3.3). HP1 showed one absorption maximum at 630 nm in chloroform, and two 
absorption maxima at 620 nm and 690 nm in THF solution. The absorption at 
longer wavelength (i.e. 690 nm) is caused by the aggregation of HP1 in THF 
and an emission maximum at 705 nm in THF with cyclohexane as a poor 
solvent. In addition, the small Stoke shift has indicated the formation of J-
aggregates.
36
 Also, the J-aggregate of HP1 has low fluorescence in presence 
of cyclohexane (705 nm, ϕf = 0.2%), which is caused by the non-radiative 
relaxation. Formation of HP1 aggregates resulted in emission quenching as 
observed from solid state fluorescence studies. Similarly, the large red-shifts 
in both absorption maximum (60 nm) and absorption edge (60 nm) of HP1 
from solution to solid state indicate a significant reorganization of branched 
polymer chains in the solid state. 
HP2 showed similar absorption maxima at around 580 nm, 576 nm, 570 
nm, and 600 nm in chloroform, THF, cyclohexane, and in thin film, 
respectively. The relatively smaller red-shifts in absorption maxima (20 nm) 
and absorption edges (40 nm) from solution to solid state are attributed to the 
rigidity of the polymer chains which minimizes further reorganizations in solid 
state. In addition, the rigid hyperbranched structure of HP2 is expected to 
minimize aggregation or planarization of polymer chains.
37
 The presence of 
triphenylamine and hexyl chains on thiophene has resulted in propeller 
conformation of monomer 2, which gave blue-shift in absorption maximum 
(346 nm, Appendix, Figure S3.9) as compared to unsubstituted molecule (366 
nm, THF).
38
 HP2 showed emission peak at 643 nm, 641 nm, 630 nm, and 705 
nm in chloroform, THF, cyclohexane, and thin film, respectively. In contrast 
to HP1, HP2 showed minimal changes of absorption and emission maxima in 
presence of cyclohexane relative to chloroform and THF. Moreover, the 
emission intensity of HP2 in cyclohexane (ϕf = 9.6%) is higher than in 
chloroform (ϕf = 9.0%) and in THF (ϕf = 8.6%). HP3 showed an absorption 
maximum around 570 nm in chloroform, THF, and cyclohexane, and 590 nm 
in thin film. Smaller red-shifts in absorption maxima (20 nm) and absorption 
edges (45 nm) were also observed for HP3 in solution and solid state. 
Emission of HP3 was observed at 650 nm, 640 nm, 640 nm, and 703 nm in 
chloroform (ϕf = 14.7%), THF (ϕf = 13.4%), cyclohexane (ϕf = 14.9%), and in 





Figure 3.3 Comparison of absorption (left, solid line) and emission (right, 
dashed line) spectra of HP1-HP3 in chloroform (-■-), THF (-●-), cyclohexane 
(-▲-), toluene (-▼-), and in thin film (--). The thin film was prepared by 
drop-casting the polymer solution in chloroform onto quartz plates, followed 
by slow evaporation at ambient conditions. 
The solvent effect is minimal with respect to the conformational changes 
of HP3. The emission spectrum of all polymers (HP1-HP3) is independent of 
excitation wavelength owing to the rapid internal conversion (Appendix, 
Figure S3.10). In addition, the absorption and emission spectra of HP1-HP3 
were also acquired in toluene. Interestingly, HP2 showed red-shifts in 
absorption (20 nm) and emission (11 nm) maxima in toluene relative to 
chloroform. The quantum yield of HP2 was high in toluene (ϕf = 12.9%), 
indicating an enhancement in effective conjugation length. In contrast, HP1 














































































































































































and HP3 showed minimum changes in absorption and emission maxima in 
chloroform and toluene. This effect could be originated from better 
planarization of HP2 in toluene. All photophysical properties of the polymers 
are summarized in Table 3.2 and 3.3. 
Table 3.2 Summary of photophysical properties of HP1-HP3 in dilute 
chloroform solutions and thin films. 
Absorption Emission 





























HP1 630 30 670 690 730 1.70 650 -* 
HP2 580 29 680 600 720 1.72 643 705 
HP3 570 21 655 590 700 1.77 650 703 
a ε extinction coefficient was calculated by dividing absorbance (maximum 
wavelength) by concentration and cuvette path length (1 cm).  
b λonset  was calculated 
from the intersection of the tangent lines drawn to the lowest energy absorption edge to 
the baseline. 
c λmax was measured from thin film on quart plate. 
d 
Eg = 1240/ λonset. * No 
observable emission peak for HP1 thin film. 
 
Table 3.3 Summary of optical properties of HP1-HP3 in chloroform, THF, 
cyclohexane and toluene. 









































The absorption and emission studies were carried out at room temperature. All 
polymer solutions (0.05 mg/mL) were sonicated for 30 minutes prior to spectroscopic 
analysis. ϕf, fluorescence quantum yields of polymers were determined in solutions 









3.2.3 Electrochemical Properties  
The redox properties of polymers were studied using cyclic voltammetry 
(CV) with a platinum disk as working electrode and Ag/AgCl reference 
electrode, using a solution of 0.1 M tetrabutylammonium hexafluorophosphate 
in acetonitrile. The polymer films were prepared by drop casting chloroform 
solution (0.5 mg/mL) onto platinum disk. The cyclic voltammograms of 
polymers were calibrated using ferrocene/ferrocenium ion (Fc/Fc
+
) redox 
couple and the oxidation reduction potentials were calculated from the onset 
potentials of oxidation and reduction sweeps. The corresponding HOMO and 
LUMO energy levels of polymers were estimated by assuming the absolute 
HOMO energy level of ferrocene to be -4.8 eV, relative to the vacuum level. 
All polymers exhibit non-reversible broad oxidation and reduction peaks as 
shown in Figure 3.4. HP1 showed an oxidation onset at +0.99 V and a 
reduction onset at -0.80 V, which corresponds to HOMO and LUMO energy 
levels of -5.38 eV and -3.53 eV, respectively. 
 
Figure 3.4 Cyclic voltammograms of HP1-HP3 polymer films, (a) oxidation 
waves and (b) reduction waves, measured in 0.1 M tetrabutylammonium 
hexafluorophosphate solution of acetonitrile at a scan rate of 100 mV s
-1
 using 
a Ag/AgCl reference electrode. Polymer films were prepared by drop casting 
polymer solution in chloroform (0.5 mg/mL) on a Pt disk electrode and dried 
at room temperature prior to electrochemical analysis. 
 
In contrast, HP2 has a larger onset oxidation potential at +1.10 V owing 
to the less effective conjugation of polymer chains as a result from large 
torsional angles. The deeper HOMO energy level (-5.43 eV) in HP2 also 
suggests a disrupted conjugation of the polymer architecture. Similarly, HP3 
also has a larger onset oxidation potential at +1.05 V, corresponding to 
HOMO energy level of -5.42 eV. This is in good agreement with the results 
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from photophysical studies of polymers. The LUMO energy levels of all 
polymers are not significantly different (-3.50 eV to -3.53 eV). This suggests 
that the LUMO energy levels of hyperbranched copolymers are dependent on 
the BODIPY core.
40
 All electrochemical properties of polymers are 
summarized in Table 3.4. 
 
























HP1 +0.99 -0.80 +0.58 -1.27 -5.38 -3.53 1.85 
HP2 +1.10 -0.83 +0.63 -1.30 -5.43 -3.50 1.93 






 were determined from the onset potentials of the oxidation 
and reduction peaks. 
b 
Electrochemical HOMO = -(E
ox,calib 
+4.8) eV and 
electrochemical LUMO = -(E
red,calib 




were calibrated using ferrocene/ferocenium ion (Fc/Fc
+
) as internal 
reference. 
c 
electrochemical band gap, Eg = LUMO – HOMO. 
 
3.2.4 Theoretical Calculation  
The optimized structures and frontier orbital energy levels of HP1-HP3 
in gas phase were calculated using density functional theory (DFT) at 
B3LYP/6-311g (d, p) level in Guassian 09
41
 program. The HOMO and LUMO 
surface plots of HP1-HP3 are compared in Figure 3.5. The LUMO wave 
functions of all polymers are localized mainly on BODIPY moiety, while the 
HOMO wave functions are found on the other monomer (monomer 1-3). This 
suggests the reduction pattern of polymers is dependent on the BODIPY 
moiety, which is in agreement with the CV results. In addition, the optical and 
electrochemical properties of polymers can be understood better by studying 
their conformation. HP1 has a more planar conformation that allows extended 
electronic conjugation as compared to HP2 and HP3, as observed in optical 
studies. Moreover, the planar polymer conformation in HP1 has resulted in 
aggregation from strong π-stacking of polymer chains. This is evident from the 
large red-shift (60 nm) in absorption edge from solution to solid state in HP1. 
On the other hand, HP2 and HP3 are found to have similar absorption maxima 






Figure 3.5 Model structures for hyperbranched polymers (HP1-HP3) with 
HOMO and LUMO surface plots optimized using DFT at the B3LYP/6-311g 
(d, p) level. The hydrogen atoms were omitted for better clarity.  
 
The optimized structure of HP2 adopts a propeller-like triphenylamine 
with dihedral angles of 68 - 71° (Appendix, Figure S3.11). In addition, the 
hexyl chains of thiophene are pointing away from triphenylamine core, 
resulting in twisting between thiophene rings and triphenylamine moieties (51 
– 54°). Conversely, such twisting between thiophene rings and triphenylamine 
becomes smaller (26 - 27°) in the absence of hexyl groups. This strong steric 
hindrance explains the observed blue-shift in absorption maximum of 
monomer 2, as compared to that of unsubstituted molecule. Also, the more 
elongated monomer 2 in HP2 provides a larger space length within polymer 












3.2.5 Surface Morphology  
The surface morphology of the hyperbranched polymers were examined 
using scanning electron microscopy (SEM). The thin films of polymers were 
prepared by drop casting the dilute solution in chloroform, THF, or toluene on 
a glass substrate at room temperature. Pores with a diameter of 1 to 2 µm were 
formed in the film upon slow evaporation of chloroform at ambient conditions 
(Figure 3.6). The observed polymer morphology is explained by the 
condensation of water droplets on the surface of chloroform, which then acts 




Figure 3.6 SEM images of HP1-HP3 films dropcasted from chloroform 
solution (1 mg/mL) on a glass substrate. The chloroform was allowed to 
evaporate slowly at room temperature prior to SEM. 
 
3.2.6 Sensing Solvent Molecule Adsorption on Polymer Films 
Interaction of hyperbranched polymers (HP1, HP2 and HP3) and 
different solvent molecules were investigated using quartz crystal 
microbalance (QCM) technique. Figure 3.7a shows a typical example of time 
dependent frequency shifts for the QCM electrode prepared using HP1 
polymer upon exposure to water, methanol, acetone, benzene, and toluene, 
respectively. Note that the frequency shifts occur at fast rate upon exposure of 
the polymer coated QCM sensor to different solvent molecules and the 
frequency shift depends on the nature of the molecules. As it can be seen in 
Figure 3.7a, nonpolar aromatic solvents such as benzene and toluene strongly 
adsorb on the HP1 polymer film causing a large decrease in frequency owing 
to strong π – π interaction. On the other hand, polar solvents such as water, 
acetone and methanol caused relatively smaller changes in the frequency. The 
frequency shifts for the HP1 electrode caused by water, methanol, acetone, 
toluene, and benzene are approximately 1, 29, 194, 560, and 600 Hz, 
respectively. This indicates the higher selectivity of the polymers towards 





aromatic solvents and poor selectivity to polar solvents. This is expected 
considering the extended π-system in HP1 and strong intermolecular π 
interaction between the aromatic molecules and polymer backbone. 
 
 
Figure 3.7 (a) QCM frequency shifts of HP1 electrode upon exposure to 
different solvent vapors (methanol, acetone, benzene and toluene), (b) 
corresponding QCM frequency shifts of HP2 electrode, (c) summary of 
vapors sensing performance of HP1-HP3, and (d) repeatability test of HP2 
electrode upon exposure and removal of benzene vapors.  
The corresponding frequency shift for the HP2 polymer is presented in 
Figure 3.7b, which are much higher than those observed for HP1 and HP3 
polymers upon exposure to the same set of solvent vapors under identical 
conditions. For example, the frequency shifts for the HP2 electrode caused by 
water, methanol, acetone, benzene, and toluene are approximately 2, 90, 370, 
1370, and 2950 Hz, respectively. This demonstrates a better sensing 
performance of the HP2 polymer compared to the rest of the polymers. This is 
in good agreement with the photophysical studies carried out in dilute toluene, 
where HP2 showed stronger interaction with aromatic solvents than HP1 or 
HP3. A summary of frequency shifts for HP1, HP2 and HP3 polymers upon 




repeatability of the polymer electrode had been investigated by recording 
frequency shifts upon alternate exposure and removal of the solvent (Figure 
3.7d).  
The Brunauer-Emmett-Teller (BET) analysis was carried out to 
determine the surface areas and pore size distributions of HP1-HP3 













). In addition, HP1, HP2, 
and HP3 exhibited pore sizes of 11 nm, 17 nm, and 12 nm, respectively. The 
larger surface area and pore size in HP2 are consistent with a more extended 
structure of HP2 revealed from DFT geometry optimization, discussed above. 
The sensitivity of HP2 towards aromatic molecules is high as compared to that 





Figure 3.8 The proposed mechanism for toluene adsorption within polymer 
matrix of HP2 via π – π interaction. 
 
It is conceivable that branched polymer backbone with significant 
porosity allows better permeability of aromatic molecules into the polymer 
matrix (Figure 3.8). The red-shifts observed for absorption and emission 
maxima of HP2 suggested strong affinity towards methyl benzenes. The π – π 
interaction between HP2 and aromatic molecules in combination with pore 
dimensions led to better selectivity towards sensing of methyl benzenes.
44,45
 In 
the case of HP1, strong aggregation of polymers in solution and in thin film 







In this work, soluble hyperbranched conjugated polymers (HP1-HP3) 
based on BODIPY moiety were synthesized using Sonogashira polymerization. 
All polymers showed red-shifts in absorption maxima (up to 90 nm) as 
compared to BODIPY monomer in dilute chloroform. The large red-shifts in 
absorption maxima (60 nm) and absorption edge (60 nm) were found in HP1 
from solution to solid state, indicating a strong π interaction between polymer 
chains. The absorption studies suggest a strong interaction between HP2 and 
toluene with observed red-shifts in absorption maxima (20 nm) and emission 
maxima (11 nm) from chloroform to toluene. HP2 showed fast and selective 
sensing for benzene and toluene vapors as revealed from QCM studies. The 
hyperbranched HP2 has a better selectivity and sensitivity towards toluene as 
compared to that of linear BODIPY copolymer. It is convinced that polymer 
with hyperbranched structure and branched side chains improves sensitivity 
towards aromatic vapors.  
 
3.4 Synthesis Procedures and Characterizations 
All synthetic procedures, characterizations, and samples preparation are 
given in Appendix 3.  
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CHAPTER 4: SYNTHESIS AND STRUCTURE-







It is noted in Chapter 2 and 3 that an increase in dimensionality of 
conjugated polymer system showed drastic changes in optical and 
electrochemical properties. The toluene adsorption was found to be stronger 
on hyperbranched BODIPY polymer as compared to the linear polymer owing 
to the better permeability of aromatic molecules into the matrix of 
hyperbranched polymer. It is interesting to study the effects of increased 
dimensionality on the properties of other conjugated systems. In addition, 
developing new synthetic strategies for higher-dimensional conjugated 
systems is also interesting from the fundamental aspects. In this work, the 
thiophene based conjugated system is selected to demonstrate the effect of 
increased dimensionality on properties.    
One-dimensional oligothiophenes have been synthesized and used in 







 and field effect transistors (OFETs)
5-8
 owing to 
their excellent chemical stability, high hole mobility, tunable optoelectronic 
properties and accessibility of high purity materials as compared to their 
polymeric counterparts.
9
 High crystallinity of oligothiophenes results in 
improved performance of devices owing to enhanced charge transport,
10
 but 
leads to poor solubility and low processability. Solubilizing groups such as 
alkyl chains are commonly attached on oligothiophenes for enhancing the 
solubility in common organic solvents.
11,12
 In addition, bulky groups or 
multidimensional architectures hinders the formation of face to face π-dimers, 
which is useful for understanding the charge transport mechanism.
13
 Multi-









 have been synthesized and applied in various 
applications. The increased dimensionality of the conjugated oligothiophene is 
found to exhibit isotropic charge transport as compared to that in linear 
oligothiophenes,
18
 which could be advantageous in order to obtain a higher 
charge carrier mobility in devices. Recently, 3-D swivel cruciform 
oligothiophene dimers have shown an improved solubility in organic solvent 
due to high degree of rotational freedom between two linear 
oligothiophenes.
19,20









Scheme 4.1 Design strategy and general structure of the target molecules. 
Herein, a series of new multi-branched oligothiophenes (SCTs) based on 
a quaterthiophene backbone with extended conjugation (Scheme 4.1) was 
synthesized. The conformations of the molecules are established using optical 
studies in solution and in solid state.  
 
Figure 4.1 Molecular structures of the target 3D oligothiophene molecules 





4.2 Results and Discussion 
4.2.1 Synthesis and Characterization 
Target molecules, SCT-1 to SCT-4 (Figure 4.1) were synthesized using 
the routes given in Schemes 4.2 and 4.3 and fully characterized. Synthesis of 
the hexabrominated central quaterthiophene is given in Scheme 4.2. 3,3’-
Dibromo-2,2’-bithiophene (1) was prepared by lithiating commercially 
available 3-bromothiophene with lithium diisopropylamide (LDA) followed 
by CuCl2-oxidative homocoupling to obtain the product in 57% yield.
23 
 
Scheme 4.2 Synthesis of quaterthiophene trimer backbone; (i)(a) LDA, THF, -
78 °C, 1 h; (b) CuCl2, -78 °C, 10 mins; (ii) Pd(PPh3)4, K2CO3, THF/H2O, 




Scheme 4.3 Synthesis of SCTs by Stille or Suzuki cross coupling reaction; (i) 
Pd(PPh3)4, THF, 70 °C, 38 h; (ii) Pd(PPh3)4, K2CO3, THF/H2O, 70 °C, 38 h; 





The palladium-catalyzed Suzuki-Miyaura cross-coupling between 1 and 
2.2 equivalents of 3-thienyl boronic acid afforded 3,3':2',2'':3'',3'''-
quaterthiophene 2 in 45% yield.
24
 Bromination of 2 with 12 equivalents of 
NBS in CHCl3/AcOH at 80 
o
C afforded 2,2''',5,5',5'',5'''-hexabromo-
3,3':2',2'':3'',3'''-quaterthiophene 3 in 56% yield, which was used as a central 
building block for synthesizing the target molecules. SCT-1, SCT-2, SCT-3 
and SCT-4 were synthesized using Stille or Suzuki-Miyaura palladium-
catalyzed cross-coupling reactions with the corresponding stanylated or 
borylated oligothiophenes in good yields (Scheme 4.3). Solubility of SCT-2 is 
poor in THF and chloroform, hence six hexyl groups were introduced at the 
terminal α-positions of the SCT-3 to improve the solubility. This allowed the 




C NMR spectroscopy, mass spectrometry and elemental analysis 
(Appendix, Figure S4.1 – S4.18). 
 





4.2.2 Thermal Stabilities of SCTs 
Thermogravimetric analyses (TGA) and differential scanning 
calorimetry (DSC) of all SCTs were conducted under nitrogen atmosphere. 
The observed TGA traces indicated high thermal stability with only 5% 
weight loss before 430 °C, 500 °C, 400 °C and 380 °C for SCT-1, SCT-2, 
SCT-3 and SCT-4, respectively (Figure 4.2). SCT-2 has higher melting point 
(270 °C) and decomposition temperature (492 °C) than SCT-1 owing to the 
better π-stacking as oligothiophene length increases. In contrast to SCT-1, 
which showed a reversible melting and crystallization (215 °C), SCT-2 did 




























not crystallize upon cooling from the melt. However, an exothermic peak at 
235 °C was observed during second heating, which corresponded to 
recrystallization of SCT-2. Both melting point (155 °C) and decomposition 
temperature (405 °C) of alkylated SCT-3 are lower than unsubstituted SCT-2. 
This is explained by disruption of intermolecular interaction in SCT-3 with six 
hexyl groups. SCT-3 showed a slow crystallization at 60 °C during cooling 
process. A higher melting point (250 °C) was observed in SCT-4 with longer 
oligothiophene length as compared to SCT-3 (155 °C). On the other hand, the 
decomposition temperature of SCT-4 (390 °C) is not significantly different 
from SCT-3 (405 °C), which could be due to a more rigid conformation of 
SCT-4. All thermal properties of SCTs are summarized in Table 4.1. 









SCT-1 430 230 
SCT-2 492 270 
SCT-3 406 155 
SCT-4 390 250 
a 
Decomposition temperature was measured at 5% weight 
degradation of SCTs under nitrogen atmosphere using 
TGA. 
b 
Melting point was determined at the maximum of 
endothermic peak observed in DSC thermograms. 
 
4.2.3 Photophysical Properties of SCTs 
Absorption spectra of SCTs were recorded in THF at room 
temperature (Figure 4.3). The absorption maxima were red-shifted as 
number of thiophene moieties increases in the structure of SCT-1 to 
SCT-4. Such trend was also observed for linear oligothiophenes with 
progressive extension in π-conjugation.25 A red-shift (5 nm) in 
absorption maximum was observed for SCT-1 (360 nm) as compared to 
linear unsubstituted terthiophene analogues (355 nm, CHCl3)
26
 and a 
blue-shift in absorption maximum as compared to linear quaterthiophene 
analogue (390 nm, CHCl3).
26
 This is expected due to the twisted 




of SCTs are influenced by the number of thiophene moieties present on 
the side chains. In the case of SCT-2 and SCT-3, the absorption maxima 
are similar to the linear pentathiophenes (410 nm, CHCl3).
27
 The 




Figure 4.3 UV-vis absorption spectra (a) and photoluminescence spectra 
(b) of SCT-1 (-■-), SCT-2 (-●-), SCT-3 (-▲-) and SCT-4 (-▼-) in 
THF. 
In addition, the absorption band edge has shifted to longer wavelength 
from SCT-1 (453 nm) to SCT-4 (533 nm) in THF, indicating an extended π-
conjugated system in SCT-4. The emission wavelengths for SCT-1, SCT-2, 
SCT-3 and SCT-4 are 516 nm, 542 nm, 542 nm and 550 nm, respectively. 
The largest Stokes shift observed in SCT-1 suggests a significant 
conformational change between ground and excited state (Table 4.2). As the 
number of thiophene rings increases in SCT-1 to SCT-4, the torsional motion 
becomes smaller owing to the extended oligothiophene length in the system. 
Thus a smaller Stoke shift is expected in a more rigid SCT-4. In addition, 
enhanced photoluminescence was observed from more conjugated larger 
SCTs. The fluorescence quantum yields (ϕf) of SCT-1, SCT-2, SCT-3 and 
SCT-4 in THF were determined as 6 %, 11.1 %, 11.4 % and 46.6 %, 
respectively, with reference to fluorescein (0.1 M NaOH, quantum yield of 
0.85). Moreover, higher molar extinction coefficient was observed with 
increasing conjugation length from SCT-1 to SCT-4. The absorption spectra 
of SCTs films were recorded to investigate the changes in absorption 
maximum and absorption edge from solution to solid state. The SCT films 
were prepared by spin casting the solutions of SCTs in THF at room 
temperature. Red-shifts in absorption maxima were observed for SCT-1 (20 





















































nm), SCT-2 (28 nm), and SCT-3 (17 nm) after comparing the values from 
solution spectra with those obtained from solid state spectra (Figure 4.4). 
Similarly, red-shifts in absorption edges for SCT-1 (31 nm), SCT-2 (45 nm), 
and SCT-3 (50 nm) were also observed after comparing the solution spectra 
with solid state spectra. 
 
Figure 4.4 Comparison of absorption spectra of (a) SCT-1, (b) SCT-2, (c) 
SCT-3 and (d) SCT-4 in THF (-■-) and spin casted films (-●-) on quartz plate 
at room temperature.   
 
Table 4.2 Photophysical properties of SCT-1, SCT-2, SCT-3 and SCT-4 












































































































































   
% 
SCT-1 360 0.49 453 380 484 2.56 516 6.0 
SCT-2 410 1.01 500 438 545 2.28 542 11.1 
SCT-3 413 1.03 505 430 555 2.23 542 11.4 





Recorded in THF. 
b ε extinction coefficient was calculated by dividing 
absorbance with concentration and cuvette path length. 
c λonset was 
calculated from the intersection of the tangent lines drawn to the lowest 
energy absorption edge to the baseline.
 d λmax was measured from spin-
casted thin film on quart plate. 
e 
Eg = 1240/ λonset thin film, 
f 
Steady state 
photoluminescence recorded in THF.
 g ϕf, fluorescence quantum yields were 





In contrast, absorption maximum of SCT-4 in thin films shows a blue-
shift (27 nm) and a broad peak. Even though, the absorption edge of SCT-4 in 
solid state is red-shifted to longer wavelength, the magnitude of red-shift (12 
nm) is significantly smaller as compared to other SCTs, and linear 
oligothiophenes. Therefore it is conceivable that SCT-4 does not adapt a 
planar conformation in solid state owing to the steric hindrance from side arms. 
The band gap energies were calculated to be 2.56 eV, 2.28 eV, 2.23 eV, and 
2.27 eV for SCT-1, SCT-2, SCT-3, and SCT-4, respectively. All 
photophysical properties are summaried in Table 4.2.  
 
4.2.4 Electrochemical Properties and Theoretical Computation  
Cyclic voltammetry (CV) was used to probe the redox behaviors of 
SCTs in thin films and in dichloromethane solution (Figure 4.5). The CV 
scans of thin film were recorded in 0.1 M n-Bu4NPF6 solution in anhydrous 
acetonitrile and SCTs dissolved in dichloromethane solution with 0.1 M n-
Bu4NPF6 solution using a scan rate of 100 mV s
-1
 and a standard calomel 
electrode (SCE) as reference electrode. The HOMO energy levels of SCTs 
were estimated from the onset oxidation and calibrated with 
ferrocene/ferrocenium (Fc/Fc
+
) redox couple as internal reference. In thin film, 
SCT-1 shows one partial reversible oxidation peak Eox,1 at 0.65 V 
corresponding to the formation of oligothiophene cation radical of 
terthiophene.
26  
Absence of quaterthiophene oxidation/reduction peaks in CV indicates 
minimal electronic interaction between oligothiophene arms of the same 
molecule. In the more extended conjugated SCT-2, there are two oxidation 
peaks Eox,1 and Eox,2 at 0.53 and 0.91 V owing to the formation of monocation 
and dication. The first oxidation peak in SCT-2 has shifted to a lower positive 
potential owing to the formation of cation on an extended oligothiophene unit. 
Similarly, SCT-3 showed two oxidation peaks Eox,1 and Eox,2  at 0.57 V and 
0.76 V. The CV traces of SCT-4 showed three oxidation processes at 0.38 V, 
0.61 V and 0.91 V. However, the formation of radical trication on single 
oligothiophene of SCT-4 is unlikely because the trication is unstable. 




formation of three different radical cations on three independent 
oligothiophene arms of SCT-4. In comparison to CV traces in thin films, the 
SCTs in dichloromethane showed a more pronounced reversibility of the 
oxidation processes. SCT-3 and SCT-4 showed multiple oxidation processes 
with partial reversibility (Figure 4.5c - f). All HOMO and LUMO energy 
levels of SCTs are calculated and summarized in Table 4.3.  
 
Figure 4.5 Cyclic voltammograms of SCTs measured in thin film (a and b) 
and in anhydrous dichloromethane (c and d) at a rate of 100 mV s
-1
. The 
magnified cyclic voltammograms of SCT-3 (e) and SCT-4 (f) in 
dichloromethane to show the respective oxidation and reduction processes. 
The SCTs films were prepared by drop casting THF solutions of SCTs on Pt 
disk electrode. For thin films studies, a 0.1 M n-Bu4NPF6 in anhydrous 
acetonitrile was used as supporting electrolyte. For solution state studies, a 0.1 
M n-Bu4NPF6 in anhydrous dichloromethane was used as supporting 
electrolyte. All voltammograms were calibrated against ferrocene/ 
ferrocenium ion redox couple. 











































Potential (V vs Fc/Fc
+
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film     
Eox,3  





dcm         
Eox, 2  
dcm    
Eox,3 




1 0.65 - - -5.28 0.70 - - -5.32 
2 0.53 0.91 - -5.26 0.52 - - -5.20 
3 0.57 0.76 - -5.22 0.26 0.63 0.77 -5.05 
4 0.38 0.61 0.91 -5.07 0.31 0.50 0.79 -5.03 
a
 Electrochemical HOMO of SCTs thin films = -(E
ox 
+4.8) eV, where E
ox 
was determined from the onset potentials of first oxidation peak calibrated 
with ferrocene/ferrocenium ion redox couple. 
b 
Electrochemical HOMO of 
SCTs in dichloromethane = -(E
ox 
+4.8) eV, where E
ox 
was determined 
from the onset potentials of first oxidation peak calibrated with 
ferrocene/ferrocenium ion redox couple. 
 
The optimized structures and Frontier Orbital energy levels of SCTs 
were calculated using density functional theory (DFT) at B3LYP/6-31G(d) 
level (Appendix, Figure S4.21 - S4.30). For example in SCT-4, the dihedral 
angle between the planes involving end thiophene and center bithiophene 
moiety (A) is 36.1° while the dihedral angles between side thiophene and 
center bithiophene (B and B’) are 56.6° and 58.8°, respectively (Figure 4.6).  
 
 SCT-1 SCT-2 SCT-3 SCT-4 
Aᵒ 36.9 32.8 36.5 36.1 
Bᵒ 55.7 63.2 58.5 56.6 
B’ᵒ 55.7 62.8 59.5 58.8 
Figure 4.6 Dihedral angles between thiophene rings in SCTs were calculated 
using DFT and the space-filling molecular representation of SCT-4 optimized 
at B3LYP/6-31G(d) level. Hydrogen atoms were omitted for better clarity. 
All SCT molecules have a swivel-type conformation where three 




of-plane conformation of all three branches led to inefficient orbital 
overlapping as compared to that found for linear oligothiophenes, which is in 
good agreement with the results obtained from optical and electrochemical 
studies. 
4.2.5 Morphology of SCTs 
Precipitation of SCTs was carried out using slow evaporation of dilute 
solution in THF-H2O mixture over two days. The resulting suspension was 
dropcasted on a glass substrate and dried at ambient condition. Field effect 
scanning electron microscopy (SEM) was used to examine the morphology of 
solid precipitate obtained from all SCTs. SEM micrographs of SCT-1 showed 
formation of microspheres with a diameter in the range of 0.5 µm to 2 µm. 
Slow evaporation of THF solution allows SCT-2 to form crystalline needle-
like rods with an average width of 2 µm and up to a few millimeters in length. 
In contrast, SCT-3 with solubilizing hexyl groups formed nanosized spherical 
particles with an average diameter of 180 nm, while SCT-4 formed random 
shapes under similar conditions (Figure 4.7).    
 
Figure 4.7 SEM micrographs of SCT-1 (A), SCT-2 (B), SCT-3 (C) and SCT-
4 (D); SCTs in THF were added slowly to H2O in a glass vial with screw cap. 
The above solution was left at room temperature for two days. The resulting 
SCTs suspension was drop casted on a glass substrate and dried under ambient 








4.2.6 Interaction of SCTs with Hg(II) Cations 
It is well-known that Pb(II), Cd(II) and Hg(II) cations show strong 
affinity for sulfur containing groups such as thiol. Even though, thiophene-
metal ion interactions are expected to be weak, thiophene groups from 
adjacent chains are able to interact with metal ions owing to the structural 
rigidity and orientation of S atoms of thiophene rings in SCTs. The 
complexation between thiophene derivatives and Hg(II) cation for sensor 
application has been reported.
29,30
 The study was focused towards 
understanding the interaction between thienyl sulfur atoms of SCTs and heavy 
metal ions for potential application such as sensor. The interaction of heavy 
metal ions with SCTs was investigated using absorption spectroscopy and 
photoluminescence. It is found that Pb(II) and Cd(II) cations did not change 
absorption and emission profiles of SCTs (Appendix, Figure S4.35). On the 
other hand, Hg(II) ions produced significant changes in the absorption and 
emission maxima of SCTs.. 
 
Figure 4.8 Absorption spectra of (a) SCT-1, (b) SCT-2, (c) SCT-3 and (d) 
SCT-4 in THF before (-■-) and after (-▲-) addition of aqeous Hg(OAc)2 
solution (1 x 10
-3
 M). 











































































Figure 4.9 Photoluminescence spectra of (a) SCT-1, (b) SCT-2, (c) SCT-3 
and (d) SCT-4 in THF before (-■-) and after (-▲-) addition of aqeous 
Hg(OAc)2 solution (1 x 10
-3
 M).  
 
Figure 4.10 (a) Absorption spectra of SCT-4 (-■-) in presence of Hg(II) ions 
(600 eq (-●-), 1200 eq (-▲-), 1800 eq (-▼-), 2400 eq (--), 3000 eq (-◄-), 
3600 eq (-►-) in THF/H2O; and (b) absorption spectra of SCTs-Hg solid, 
SCT-1/Hg (-□-), SCT-2/Hg (-○-), SCT-3/Hg (-Δ-), and SCT-4/Hg (--). 
Both absorbance and emission intensities were decreased upon addition 
of Hg(II) ions to the solution of SCTs in THF (Figure 4.8 and 4.9). 
Particularly, formation of yellow precipitate was observed when excess Hg(II) 
ions was added into SCT-4 in THF, resulting in disappearance of absorption 
and quenching of emission intensity of the solution. This indicates a strong 
interaction of SCT-4 with Hg(II) ions. The concentration dependent study was 
carried out by titrating the SCT-4 solution in THF with Hg(II) ion (Figure 

































































































































4.10a) to understand the absorption changes with respect to the Hg(II) ion 
concentration. The absorption maximum of SCT-4 was shifted from 440 nm 
to 458 nm upon increase in concentration of Hg(II) ions. Such observation 
could be attributed to the formation of SCT-4/Hg complexes.
31
 Increasing the 
concentration of Hg(II) ions further led to precipitation of SCT-4/Hg complex 
from solution, resulting the disappearance of low energy absorption band. 
Solid state absorption spectra were recorded using the precipitated solids on a 
quartz plate (Figure 4.10b). All Hg(II) - SCTs compounds showed a small red-
shift (2 to 10 nm) in absorption maximum with respect to the pristine SCTs 
thin films. No significant differences in absorption maximum were observed 
for SCT-2/Hg and SCT-3/Hg complex.  
4.2.7 Interaction between SCTs and TCNQ  
Formation of donor-acceptor complexes through charge transfer has 
been well established from electron rich p-type and electron deficient n-type 
materials.
32-37
 In this work, the interaction of SCTs with an acceptor, 7,7,8,8-
tetracyanoquinodimethane (TCNQ) was studied using spectroscopic 
techniques. The appearance of absorption peak at 500 nm was observed upon 
mixing of SCTs and TCNQ in THF with disapperance of TCNQ absorption at 
400 nm (Figure 4.11).
38,39
 Linear terthiophene and quaterthiophenes are 
known to form weak charge transfer complexes with TCNQ, resulting in low 
absorbance at 750 - 840 nm (TCNQ monoanion, TCNQ
1-





 However the absorption band of TCNQ 
monoanion was not observed from the optical studies. Titration studies with 
excess TCNQ in THF were carried out for further investigation (Figure 4.12 
and 4.13). SCT-1 and SCT-2 showed smaller TCNQ absorption peak at 400 
nm with new appearance of absorption peak at 500 nm upon addition of SCTs 
into excess TCNQ in THF. On the other hand, low concentration of SCT-3 (4 
meq) and SCT-4 (3 meq) shows immediate quenching of TCNQ absorption 
peak at 400 nm (Figure 4.13 and 4.13). The absence of absorption peak at 750 
– 840 nm (TCNQ monoanion) in excess TCNQ suggests that the mechanism 
for the observed optical changes is not entirely due to photoinduced electron 





Figure 4.11 Solution state absorption spectra of pristine SCTs (-■-) and 
TCNQ (-●-, 6.0 x 10-5 M), and after mixing in THF (-▲-). 
 
Figure 4.12 (a) Absorption spectra of TCNQ (--),  upon titration with SCT-
1 (70 meq (-■-), 140 meq (-●-), 210 meq (-▲-), 280 meq (-▼-), and 350 meq 
(--) in THF; and (b) emission spectra of SCT-1 (-■-) upon titration of 
TCNQ (8 eq (-●-), 16 eq (-▲-), and 32 eq (-▼-) in THF; c) Absorption 
spectra of TCNQ (--),  upon titration with SCT-2 (7 meq (-■-), 23 meq (-●-
), 33 meq (-▲-), 43 meq (-▼-), and 53 meq (--) in THF; and (d) emission 
spectra of SCT-2 (-■-) upon titration of TCNQ (8 eq (-●-), 16 eq (-▲-), and 
32 eq (-▼-) in THF. 
























































































































































Figure 4.13 (a) Absorption spectra of TCNQ (--), upon titration with SCT-
3 (4 meq (-■-), 11 meq (-●-), 22 meq (-▲-), 33 meq (-▼-), 44 meq (--), and 
89 meq (-◄-) in THF; and (b) emission spectra of SCT-3 (-■-) upon titration 
of TCNQ (13 eq (-●-), 25 eq (-▲-), and 50 eq (-▼-) in THF; (c) upon titration 
with SCT-4 (3 meq (-■-), 7 meq (-●-), 13 meq (-▲-), 22 meq (-▼-), 30 meq 
(--), and 58 meq(-◄-) in THF; and (d) emission spectra of SCT-4 (-■-) 
upon titration of TCNQ (64 eq (-●-), 128 eq (-▲-), 256 eq (-▼-), 512 eq (--
), 1024 eq (-◄-), 1282 eq (-►-), and 1923 eq (-□-) in THF. 
The absorption changes of the mixture could be due to the combination 
effect of photoinduced electron transfer from SCTs to TCNQ and 
conformational changes of TCNQ in presence of SCTs, which resulted in the 
twisted TCNQ molecules with absorption peak at 500 nm.
40
 On the other hand, 
the spectral changes were not caused by the conformational change of SCTs 
owing to their rigid and swivel-cruciform structures. Further studies are 
required to identify the exact mechanism for the absorption changes, such as 
to measure the absorption band of oligothiophene cation and dications at 














































































4.2.8 Morphology of SCTs/TCNQ Mixtures 
The surface morphology of SCTs/TCNQ complex was studied using 
SEM. The solutions of SCTs/TCNQ in THF were dropcasted on a glass 
substrates and slow evaporation of the solvent gave nanosized needle or rod-
shaped crystals (Appendix, Figure S4.38). These needles were 
morphologically different from the pristine flat crystals of TCNQ. The high 
magnification SEM micrographs of the SCT-4/TCNQ showed needles with a 
diameter in the range of 140 – 180 nm. Similar organization of molecules was 







 (TTF: tetrathiafulvalene).  
4.3 Conclusion 
In summary, a series of multi-dimensional branched oligothiophenes 
was synthesized and characterized using different techniques. Both optical and 
electrochemical studies suggest a non-planar conformation for structurally 
rigid SCTs. Electron deficient molecules such as TCNQ and heavy metal 
cations interact strongly with electron rich oligothiophenes. Hg(II) cations 
completely quenched the photoluminescence intensity of SCT-4 through 
charge-transfer complex formation. Such materials with good solubility, high 
thermal stability, controlled micro/nanostructures and strong electron donating 
property will be useful in organic electronics.    
 
4.4 Synthesis Procedures and Characterizations 
All synthetic procedures, characterizations, and samples preparation are 
given in Appendix 4.  
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CHAPTER 5: SYNTHESIS, 
CHARACTERIZATION AND STRUCTURE-
PROPERTY INVESTIGATION OF 
CONFORMATIONALLY RIGID REGIOISOMERS 







Previous chapters have discussed the design strategies for controlling the 
dimensionality of π-conjugated systems such as polymer and oligomer. Their 
optical and electrochemical properties were fully characterized and related to 
the conformations in solution and solid states. It is found that the rigidity of 
the π-conjugated systems can be induced by the steric hindrance between 
oligothiophene branches, leading to the property changes. In addition, the 
reduced π-stacking between the conjugated systems results in higher solubility 
and lesser aggregation. In view of these, the steric hindrance between adjacent 
side groups on the polymer is utilized to restrict the random movement of the 
polymer chains. The degree of rigidity for polymers is correlated with the 
properties of the polymers. It is also interesting to study the effect of rigidity 
on the induced chiroptical properties of the polymers.   
Chiral conjugated polymers have been considered useful for circular 
polarized luminescent materials,
1-3





 and non-linear optics.
7
 The general approaches for inducing 
chirality in conjugated polymers include introducing a chiral group on the side 
chain,
8-10
 chiral building blocks incorporated on the polymer backbone,
11,12
 or 
helical macrostructure assembly induced by interaction between 
functionalized polymers with metal ions.
13,14
 Majority of the studies focused 
on polythiophenes, and poly(p-phenylene ethynylene)s incorporated with 
chiral functional groups.
15
 Supramolecular helical structures are induced 
inside the polymer lattice by chiral alkoxy side group on polymer backbone,
15
 
or by the “sergeant-and-soldiers” co-assembly method,16-19 where the chiral 
moieties (sergeant) decide the overall chirality of the polymer conformation 
mediated through non-chiral (soldiers) moieties. Other approaches were used 
to enhance the overall chirality of poly(phenylene ethynylene)s via structural 
modifications, including polymerization through branching of polymer 
backbone,
21
 or meta-positions of benzene rings.
20-23
 On the other hand, the 
conformation of a rigid conjugated polymer backbone can be frozen in helix 
architecture by incorporating bulky substituents on every repeating units, 






  Herein, a series of conformationally rigid poly(p-phenylene 
ethynylene)s (PPEs) was synthesizd and their properties were characterized in 
detail (Figure 5.1). The PPE backbone is designed to investigate the role of 
steric hindrance of the biphenyl side chains incorporated on every repeating 
units on polymer properties. Moreover, the rotations along polymer backbone 
are restricted depending on the position of the alkoxy biphenyl side chains. 
The effect of regioregularity of the polymer backbone on chiroptical properties 
is investigated by synthesizing regioirregular PPE1, PPE2 and regioregular 
PPE3. Symmetrical PPE4 with shorter phenyl side groups is also synthesized 
and properties are compared with unsymmetrical polymers, PPE1  PPE3.  
 
Figure 5.1 Schematic representation and molecular structures of target poly(p-
phenylene ethynylene) (PPE1-PPE4). 
 
5.2 Results and Discussion 
5.2.1 Synthesis and Characterization 
As shown in Scheme 5.1, commercially available 4-iodophenol was 
alkylated with three different alkyl bromides (2-ethylhexyl bromide, (S)-(+)-
citronellyl bromide, and octyl bromide) using potassium carbonate as base to 
afford 3a (72 %), 3b (74 %), and 6 (73 %) in good yields. The iodo groups on 
3a and 3b were used for selective Suzuki-Miyaura coupling
26
 with 4-
bromophenylboronic acid in presence of PdCl2(PPh3)2 as catalyst to afford 
biphenyl derivatives, 4a and 4b in 63 % and 51 % yields. Subsequently, 
Miyaura borylation
27
 of 4a, 4b, and 6 with bis(pinacolato)diboron using 
Regioirregular PPE1, R = 
Regioirregular PPE2, R = 
Regioregular PPE3, R = PPE4, R = 




Pd(dppf)Cl2 as the catalyst and KOAc as the base gave borylated compounds, 
5a (73 %), 5b (66 %), and 7 (80 %), which were used for further coupling as 
described in Scheme 5.2. 
The Suzuki-Miyaura coupling of 1,4-dibromo-2-iodobenzene with one 
equivalent of 5a or 5b gave the corresponding compounds 8a and 8b with 
achiral and chiral alkyl groups in 72 % and 63 % yields, respectively. 
Similarly, the symmetric compound 8c was synthesized using Suzuki coupling 
of 1,4-diiodo-2,5-dibromobenzene (2) with 7 in 61 % yield. All compounds 
were characterized fully using NMR spectroscopy, mass spectrometry and 
elemental analysis (Appendix, Figure S5.1 – S5.22).  
 
Scheme 5.1 Synthetic routes for borylated phenyl compounds 5a, 5b, and 7. (i) 
R-Br, K2CO3, DMF, 90 
o
C, 18 h; (ii) PdCl2(PPh3)2, THF/EtOH/2M aqueous 
K2CO3 solution, reflux, 20 h; (iii) bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, 
1,4-dioxane, 80
 o
C, 20 h.  
 
The bi-functionalized monomers M1, M2, and M4 were prepared by 
using Sonogashira coupling reaction
28
 of compounds 8a, 8b, and 8c with 
ethynyltrimethylsilane, followed by deprotection of trimethylsilyl group with 
potassium carbonate in DCM/MeOH (Scheme 5.2, yields 61% - 81%). The 
copolymerization of bifunctionalized monomers, such as, M1 and 8a, gave 
regioirregular polymer PPE1 as a result of non-regioselective step growth 




In order to prepare regioregular polymer, the monoacetylene 
functionalized monomer (M3) was synthesized using Sonogashira coupling 
reaction of 8a with one equivalent of ethynyltrimethylsilane, followed by 
deprotection of trimethylsilyl group in an overall yield of 42%. The 
polymerization of M3 is expected to proceed in a regioselective manner 
compared to the nonregioselective polymerization of bi-functionalized 
monomers (M1 and M2).  
 
Scheme 5.2 Synthetic approaches to the monomers (M1 - M4); (i) Pd(PPh3)4, 
THF/2M aqueous K2CO3 solution, Aliquat 336, 80 
o
C, 24 h; (ii) (a) 
ethynyltrimethylsilane, Pd(PPh3)4, CuI, THF/DIPA, 80 
o
C, 24 h; (b) K2CO3, 
DCM/MeOH, r.t, 18 h.  
 
1
H NMR spectrum of isolated product was used to establish the 
regioisomer of M3. It is conceivable that the Sonogashira reaction between 




M3 as shown in Scheme S5.1. The 
1
H NMR data of M3 showed that it is not a 
mixture of both regioisomers. If it is a mixture of both regioisomers, the two 
different acetylene protons (f) peaks on NMR spectrum (Appendix, Figure 
S5.27) should be observed owing to the non-symmetrical structures between 
isomer 1 and isomer 2. In addition, proton 1, 2, and 3 of the benzene ring 
would have different chemical shifts for both isomer 1 and isomer 2, resulting 
in a complex NMR spectrum. However, the NMR spectrum of isolated 
product showed relatively simple and clear peaks. 
 
Scheme 5.3 Polymerization reactions to yield PPE1 – PPE4. (i) Pd(PPh3)4, 
CuI, THF/TEA, 80 
o
C, 48 h.  
All aromatic protons of M3 were assigned based on their chemical shifts 
and couplings (splitting and coupling constant) (Appendix, Figure S5.29). It is 
observed that chemical shift of proton 1 shifts to downfield (from 7.54 ppm to 
7.65 ppm) upon substitution with acetylene group. On the other hand, the 




changes were also observed for model compounds (Appendix, Scheme S5.2). 
Hence, it is propose that the M3-isomer 1 is obtained based on the NMR 
spectrum of the molecule. The monomers were polymerized via Sonogashira 
polymerization to afford PPEs in good yields (66 – 75%, Scheme 5.3).  
All polymers are soluble in common organic solvents such as 
chloroform, THF and toluene. The structures of PPE1 - PPE4 were confirmed 
using 
1
H NMR (Appendix, Figure S5.32 – 5.35) and molecular weights were 
estimated using gel permeation chromatography (GPC) with polystyrene as 
standards (Table 5.1). Thermogravimetric analyses (TGA) were done using a 
heating rate of 10 ᵒC/min up to 700 ᵒC under nitrogen atmosphere (Figure 5.2). 
All polymers showed good thermal stability up to 340 °C. 
 
 
Figure 5.2 Thermogravimetric analysis (TGA) curves of PPE1, PPE2, PPE3, 
and PPE4 at a heating rate of 10 °C/min under nitrogen atmosphere. 
 



















PPE1 7 500 13 600 1.81 403 
PPE2 8 650 13 300 1.54 390 
PPE3 7 950 8 660 1.09 360 
PPE4 3 800 4 800 1.24 340 
a 
Mn, Mw, and polydispersity index were determined by GPC using 
polystyrene as standard in THF.
 b 
Measured at 5% weight loss of 
polymer under nitrogen atmosphere with a heating rate of 10 °C/min 
from TGA thermograms.   
 



























5.2.2 Photophysical Properties of PPEs 
The solution state absorption spectra of PPEs showed an absorption 
maximum at 290 nm in chloroform (Figure 5.3), which corresponds to the 
absorption of terphenyl group, as compared to the spectra of monomers in 
chloroform (Appendix, Figure S5.48). In addition, PPE1, PPE2, and PPE3 
showed shoulder peaks at 380 nm, which are attributed to the absorption of 
poly(p-phenylene ethynylene)s polymer backbone. PPE1 and PPE2 exhibited 
similar absorption (λmax = 292 nm; 378 nm - 380 nm) and emission maxima 
(λems = 443 nm - 451 nm), indicating a negligible effect of different alkoxy 
chains on photophysical property. PPE3 showed an absorption maximum at 
380 nm, and emission maximum at 448 nm in chloroform. In contrast, PPE4 
showed absorption and emission maxima at longer wavelength (λmax = 460 nm, 
λems = 480 nm) in chloroform. It is conceivable that the observed red-shifts in 
absorption and emission maxima of PPE4 are originated from a better π- 
conjugation along the polymer backbone of PPE4. All photophysical 
properties of polymer are summarized in Table 5.2. 
 
 
Figure 5.3 Absorption spectra (a) and photoluminescence spectra (b) of PPE1 
(-■-), PPE2 (-●-), PPE3 (-▲-) and PPE4 (-▼-) in chloroform.  
 
In comparison to the maximum wavelengths of 446 nm and 390 nm 
reported in poly(p-phenylene ethynylene)s with alkoxy
29
 and alkyl 
substituents,
30
 PPEs have a blue-shift in main chain absorption. This suggests 
that presence of biphenyl side groups on the PPEs induces high degree of 
twisting and freezing of conformation of polymer backbone, resulting in poor 
π-orbital overlapping and blue-shift in absorption maxima. The theoretical 
calculation showed that the effective conjugation length of linear poly(p-
























































decreases to less than 5 for the twisted poly(p-phenylene ethynylene)s 
backbones.
31
 Such blue-shift in absorption maximum was reported for similar 
poly(p-phenylene ethynylene)s with bulky and extended side groups.
32-34
  
It is known that planarization and π-stacking of poly(p-phenylene 
ethynylene) chains leads to strong red-shift of absorption maximum in solid 
state.
35 
All polymer thin films were examined by spectroscopies on quartz 
plates (Appendix, Figure S5.49). PPE1 and PPE2 thin films showed red-shifts 
in absorption peak edges by 25  30 nm but with no significant red-shift in 
absorption maxima as compared to solution states. On the other hand, thin film 
of regioregular polymer, PPE3 showed larger red-shift (40 nm) in absorption 
edge than the regioirregular polymers, PPE1 and PPE2. The higher red-shift 
in PPE3 is attributed to its regioregular arrangement of biphenyl arms along 
the polymer backbone which allows better packing and planarization. The 
PPE4 did not show significant red-shift in absorption edge in thin film, which 
suggests that the PPE4 has adopted similar conformation in solution and in 
solid state. The effect of interchain π-stacking in PPE4 is minimized with two 
phenyl side groups. On the other hand, the interchain π-interaction is more 
pronounced in PPE1-PPE3.  
Table 5.2 Summary of optical properties of PPEs 
               Absorption Fluorescence 
 

































1 292, 378  50, 20 290 465 2.66 443 501 
2 292, 380 67, 28 290 460 2.69 451 504 




13, 8, 8 278, 420, 
450 
485 2.56 450, 480 520 
a ε extinction coefficient was calculated by dividing absorbance with 
concentration (mg/cm
3
) and cuvette path length (1 cm). 
b λonset  was calculated 
from the intersection of the tangent lines drawn to the lowest energy absorption 
edge to the baseline. 
c 
Eg = 1240/ λonset. The concentrations (molarity on 
monomer basis) of PPE1, PPE2, PPE3, and PPE4 are 2.4 µM, 2.0 µM, 2.3 





5.2.3 Electrochemical Properties of PPEs  
Cyclic voltammetry (CV) was carried out to probe the electrochemical 
properties of PPEs thin films. The HOMO energy levels of PPEs were 
estimated from the onset oxidation potential as summarized in Figure 5.4 and 
Table 5.3. All PPEs showed irreversible oxidation waves at a significantly 
higher potential of 1.59 – 1.70 V (versus Ag+/Ag) as compared to that reported 
in poly(p-phenylene ethynylene) (1.10 V vs Ag
+
/Ag) with alkoxy side 
chains.
36
 The phenyl substituents and low degree of conjugation are 
responsible for high oxidation potentials as compared to alkoxy PPEs. The 
high onset oxidation potential is accompanied with a deep HOMO energy 
level (-5.77 to -5.81 eV) in PPEs, which is lower than the HOMO energy level 
(0.45 V versus Fc/Fc
+
, thus a -5.25 eV for HOMO) reported for alkoxy poly(p-
phenylene ethynylene)s.
37
 No significant differences in HOMO energy levels 
of PPE1 - PPE4 were observed. It is conceivable that the highly twisted and 
rigid polymer conformations lead to poorly overlapped π-electron wave 
function along PPE backbone, which results in the deep HOMO energy level. 
 
Figure 5.4 Cyclic voltammograms of PPE1 (-■-), PPE2 (-●-), PPE3 (-▲-) 
and PPE4 (-▼-) thin films measured with 0.1 M n-Bu4NPF6 in acetonitrile at 
the scan rate of 100 mV s
-1
 using Ag/AgCl as reference electrode. The PPE 
films were prepared by drop casting chloroform solution of PPEs on platinum 










































PPE1 1.65 1.40 -5.77 
PPE2 1.60 1.39 -5.76 
PPE3 1.59 1.42  -5.80 
PPE4 1.70 1.43 -5.81 
a 
Determined from the potential where maximum oxidation 
occurred. 
b 
Determined from the onset oxidation potential. 
c 
Electrochemical HOMO = -(E
ox calibrated 
+4.8) eV, where 
E
ox calibrated 
were determined from the onset potentials of 
first oxidation peak calibrated with ferrocene/ferocenium 
ion redox couple. 
 
5.2.4 Chiroptical Properties of PPEs 
The effects of bulky substituents on the chiral properties of the PPEs 
were studied. Optical rotation and circular dichroism (CD) spectroscopy has 
been widely used to study the chiroptical properties of polypyrroles, 
polythiophenes, and poly(aryleneethynylene)s to provide useful information 
about the variations in polymer conformation under different 
environments.
15,25,38
 It is reported that the conjugated polymers such as 
polythiophene, showed chiroptical CD signals when their backbone aggregates 
into chiral conformation in the presence of a poor solvent.
9,39
  
The optical activities of the PPEs in chloroform were first examined 
using a polarimeter at 589 nm under ambient conditions. PPE1 and PPE3 
showed no specific rotations [α]D (0.5 mg/mL, chloroform). On the other hand, 
the PPE2 with chiral (S)-(+)-citronellyl group showed a specific rotation [α]D 
of +23. Similarly, no specific optical rotation was observed from symmetric 
PPE4 with a shorter phenyl side group in chloroform. 
In order to investigate the effect of substituents on chiral conformation 
of PPEs, the CD spectra of the polymers were recorded in chloroform and 
chloroform/methanol solution. Only weak CD signals were observed for all 
PPEs (Appendix, Figure S5.50-5.53). This suggests the formation of single-
handed helical macrostructures for PPEs in presence of poor solvent may not 
be strong with a small side chain. It is known that the interaction of chiral 






 However, PPE2 incorporated with chiral alkyl 
substituents showed no recognizable CD signals in presence of methanol. The 
absence of helical aggregates for PPE2 is attributed to the short biphenyl side 
groups, which may not facilitate chiral π-stacking of polymer chains. 
5.2.5 Morphology Studies of PPEs  
The morphology of the PPEs film was examined by field-emission 
scanning electron microscopy (SEM). The SEM micrographs of PPE1 and 
PPE3 dropcasted from chloroform/methanol (2:1) solution showed fibers with 
a diameter of 150 – 200 nm (Figure 5.5). On the other hand, fibers with a 
diameter of 200 nm were formed from PPE2 under similar conditions. In 
contrast, PPE4 with shorter side arms only showed random aggregates under 
similar conditions. This suggests the shorter phenyl side arm and symmetric 
nature of the backbone in PPE4 do not allow formation of ordered 
macrostructures.  
 
Figure 5.5 SEM images of PPE1-4 drop-casted from chloroform/methanol 
(2:1) solution onto glass substrates. The solvent was allowed to evaporate 
slowly inside a desiccator over 24 hours at room temperature. The 
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In summary, a series of rigid poly(p-phenylene ethynylene)s (PPE1-
PPE3) with biphenyl side chains were synthesized. Photophysical studies in 
solution and solid state showed that PPE1-PPE3 adopted a twisted 
conformation of the backbone with significant blue-shifts in absorption 
maxima, and supported by the deep HOMO energy levels (-5.76 to -5.81 eV). 
Helical aggregates were not confirmed for PPEs with short biphenyl side 
groups, which may not be sufficient to stabilize chiral aggregations. SEM 
micrographs showed the formation of fibers from solutions of PPE1 – PPE3 
polymers. Overall, this work highlights the substituent induced structural and 
property changes on the PPE backbone. Further improvements in the chirality 
of polymers will be investigated by using different side groups (such as longer 
and bulkier side groups). The future aim is to develop chiral conjugated 
polymers with tunable left- or right-handed chirality by changing the polymer 
side groups. In addition, the development of synthesis methods that effectively 
tune the chirality of conjugated polymers by changing the polymer 
conformations is of great significance. Such switchable chirality in fluorescent 
conjugated polymers is useful as circularly polarized luminescence materials 
for photoelectric devices. 
5.4 Experimental Section 
5.4.1 Instrumentation 
Optical rotations were acquired on a ADP 440 Polarimeter using a 10 
cm polarimeter tube at 589 nm at 20 °C. Circular dichroism (CD) spectra were 
acquired on a Jasco J-810 CD spectropolarimeter using a quartz cuvette with 1 
mm light path.   
 
5.4.2 Synthesis of Monomers and Polymers 
The synthetic procedures, characterizations, and NMR spectra are given 
in the Appendix 5.  
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CHAPTER 6: SOLVENT DEPENDENT 
ISOMERIZATION OF PHOTOCHROMIC 
DITHIENYLETHENES: SYNTHESIS, 







It has been shown that the rigiditiy of conjugated polymers is controlled 
by side groups with various sizes and positions on conjugated backbone. 
However, the conformational changes of such conjugated systems are minimal 
after polymerization owing to the formation of rigid systems in both solution 
and in solid states. Therefore, it is useful to explore different strategies for 
changing conformations of conjugated systems by using external stimuli, such 
as light and solvents. Different synthetic strategies are required for attaching 
the stimuli-responsive functional groups on the conjugated system.   
Photoinduced changes in chemical and physical properties of molecules 





 and molecular switches.
4
 For example, azobenzene 
derivatives have been used extensively as photoresponsive system owing to 
the easy switchability of azobenzene, where trans-isomer can be switched to 
the cis-isomer by irradiation at around 340 nm and back to trans-isomer either 
by heating or by irradiation at around 450 nm.
5
 The photoisomerization 
properties and kinetics have been well-established by varying the electron-
withdrawing or electron-donating substituents on the azobenzene moiety.
6-8
 
The azophenolic derivatives with push-pull effects were reported to undergo 
fast cis-to-trans thermal relaxation within microseconds, which is useful for 
high speed optical oscillators.
9
 On the other hand, considerable interests have 
also been focused on dithienylethene derivatives, which showed fast and 
stable photoinduced cyclization and cycloreversion, fatigue resistance, and 
high thermal stabilities of open and closed isomeric forms.
10-13
 Therefore, it is 
interesting to study the effect of azophenol group on the overall photochromic 
properties of the system when the azophenol group is conjugated to the 
dithienylethene. Studies have shown that the azo group (non-conjugated to 
dithienylethene) significantly accelerated the ring-opening process of 
dithienylethene.
14,15
   
In addition, hydrogen bonding and π-π interaction are known for 
directing self-assembly of the molecules into well-defined macrostructures. 
Recently, a few groups have investigated the self-assembly of DTE derivatives 











 In view of these, two photochromic dithienylethene molecules 
incorporated with end phenolic groups (DTE1 - 2) and another dithienylethene 
molecule incorporated with end azophenolic group (DTE3) were synthesized 
and the properties of all three molecules are compared (Figure 6.1). A detailed 
investigation of photoisomerization, electrochemistry, and self-assembly of all 
target molecules are carried out. Here, the roles of hydrogen bonding, 
azogroups, and photoisomerization toward formation of final self-assembled 
architecture of molecules are studied.  
 
Figure 6.1 Chemical structures of dithienylethene with phenolic (DTE1 - 







Scheme 6.1 Synthetic approach to obtain compound 3, 7, and 10; (i) 
PdCl2(PPh3)2, THF/Aliquat® 336/ aqueous 2M K2CO3 solution, reflux, 
overnight, 83% (1); 79% (5); (ii) BBr3, DCM, -50 °C to r.t., 3 hrs, 90% (2); 84% 
(6) (iii) (a) ethynyltrimethylsilane, Pd(PPh3)4, CuI, THF/TEA, 80 °C, 24 hrs, 
(b) TBAF, THF, °0 C, 30 mins, 80% (3), 69% (7), 81% (10); (iv) PdCl2(dppf), 
bis(pinacolatodiboron), KOAc, 1,4-dioxane, 80 °C, overnight, 85%.  
 
 
Scheme 6.2 Sonogashira reaction condition for DTE1 - 3; (i) Pd(PPh3)4, CuI, 
THF/DIPA, reflux, overnight, 49% (DTE1), 34% (DTE2), and 79% (DTE3).    
 
6.2 Results and Discussion 
6.2.1 Synthesis of Target Molecules 
Synthetic routes for the target molecules, DTE1, DTE2, and DTE3 are 
given in Schemes 6.1 and 6.2. The biphenyl molecule with methoxy 






between 4-iodoanisole and 4-bromophenylboronic acid in 83% yield. 
Similarly, the coupling between 1-bromo-4-iodobenzene and compound 4 
afforded dimethoxy biphenyl bromide (compound 5) in 79% yield. 
Demethylations of compound 1 and 5 were carried out using boron tribromide 
in anhydrous dichloromethane to afford compounds 2 and 6 in 90% and 84% 
yield, respectively. The bromine substituent on biphenyl compounds (2 and 6) 
or azophenol (8) was replaced with ethynylene group in two steps (69 – 81% 
yields); a palladium-catalyzed Sonogashira cross-coupling reaction
22
 with 
ethynyltrimethylsilane, followed by desilylation using tetrabutylammonium 
fluoride. The corresponding desilylated compounds (3, 7, and 10) were reacted 
with iodinated dithienylperfluorocyclopentene (DTE) via Sonogashira 
coupling in presence of Pd(PPh3)4 and CuI as catalysts in 
tetrahydrofuran/diisopropylamine (2 : 1) as solvent mixture to afford the 
DTEs (34% - 79% yields). All intermediates and products were characterized 
fully using NMR spectroscopy, mass spectrometry, and elemental analyses 
(Appendix, Figure S6.1 – S6.33).  
 
6.2.2 Photochromic Properties of DTE1 and DTE2  
The photochromic properties of DTEs were investigated using the 
absorption and emission spectroscopies (Figure 6.2). The absorption maxima 
of DTE1open and DTE2open (open-ring isomers) were observed at 328 nm in 
chloroform and showed red-shifts in absorption maximum (λmax = 332  - 336 
nm) when dissolved in THF (Figure 6.3).
23
 DTE2open with catechol group 
exhibits an absorption maximum at longer wavelength (λmax = 336 nm) than 
that of DTE1open (λmax = 332 nm) in THF. Similarly, red-shifts in emission 
peaks were observed for DTE1open (λems = 390 nm and 412 nm) and DTE2open 
(λems = 416 nm) in THF in comparison to that in chloroform (λems for 
DTE1open= 382 nm and 406 nm; for DTE2open = 388 nm and 410 nm).  
Formation of DTE1closed and DTE2closed isomers was observed with 
appearance of a new absorption maximum at around 620 nm, and two low-
energy absorption maxima (within the ranges of 368 – 372 nm; and 287 - 300 
nm) upon irradiation with UV-light (at 365 nm, 5 minutes) in chloroform or 
THF. The colorless DTE1 - 2open solutions changed to dark-blue upon reaching 
a photostationary state.
 




(620 nm), S0 – S2 (325 – 372 nm), and S0 – S3 (287 – 300 nm) transitions of 
DTE1 - 2closed.
24
 DTE1closed showed a broadened absorption peak with 
insignificant changes in absorption maximum from THF to chloroform, which 
indicated a minimal solvent-dependent effect on its electronic property. On the 
other hand, DTE2closed exhibited a significant blue-shift in S0 – S2 transition 
(λmax = 325 nm) in THF as compared to that in chloroform (λmax = 366 nm), 
suggesting a stronger solvent effect on the electronic property of DTE2closed.  
 
 
Figure 6.2 Absorption (left) and emission spectra (right) of DTEs in 
chloroform; open-ring isomer (-■-) and closed-ring isomer (-●-) at 
photostationary state upon irradiation at 365 nm for 5 minutes.   
 
1
H NMR analyses were carried out to calculate the photoconversion 






















































































































6.35). For example, the chemical shift of methyl groups at the bridge carbon 
for DTE1closed was shifted downfield to 2.22 ppm compared to the one found 
in DTE1open (2.00 ppm). Moreover, the thienyl proton of ring-closed isomer 
had shifted upfield to 6.53 ppm from 7.28 ppm. Based on the NMR integration, 
DTE1open and DTE2open showed similar photoconversion yields of 70% and 
74%, respectively, at photostationary states. The DTE1open and DTE2open thin 
films were prepared from chloroform solutions (Appendix, Figure S6.38). 
Photoisomerizations of DTE1open and DTE2open were carried out by exposing 
the thin films under UV-light for 5 minutes. In general, the absorption maxima 
of thin films of DTE1 – 2open and DTE1 – 2closed showed significant red-shift 
than those in chloroform solutions, and were similar to the values observed in 
THF solutions. 
For example, thin films of DTE2open showed absorption maxima at 336 
nm, as compared to that in chloroform solution (λmax = 328 nm) and in THF 
solution (λmax = 332 nm). Similarly, DTE2closed thin film showed two 
absorption maxima at 323 nm and 624 nm, as compared to that in chloroform 
solution (λmax = 296 nm, 620 nm) and in THF solution (λmax = 325 nm, 624 
nm). 
 
6.2.3 Photochromic Properties of DTE3 in Chloroform 
The photochromic properties of DTE3 incorporated with dithienylethene 
and azophenol units were studied in chloroform (Figure 6.2). The orange 
colored solutions of DTE3open in chloroform gradually turned into green upon 
irradiation with UV-light for 15 minutes. The appearance of new absorption 
peak at 630 nm indicates formation of DTE3closed. The small decrease in 
intensity of absorption at 382 nm for DTE3closed after irradiation suggests that 
the azo groups in DTE3closed molecules are in trans- form.  
In addition, the 
1
H NMR analysis showed no changes in chemical shifts 
for trans-azophenol groups at photostationary state. Moreover, the integration 
of 
1
H NMR signals showed low photoconversion yields of 32% for DTE3 
(Appendix, Figure S6.36), which is explained as the energy loss from fast 






Figure 6.3 Absorption (left) and emission spectra (right) of DTEs in THF for 
open-ring isomer (-■-) and closed-ring isomer (-●-) at photostationary state 
upon irradiation at 365 nm for 5 minutes; for DTE3, the absorption and 
emission spectra of open-ring isomer (-■-) after irradiation at 365 nm for 1 
minute (-●-), 3 minutes (-▲-), and 5 minutes (-▼-) are shown.  
 
 





















































































































6.2.4 Photochromic Properties of DTE3 in THF and in Thin Film 
The THF solution of DTE3open showed a fast decrease in absorbance at 
384 nm and appearance of absorption peak at 630 nm (Figure 6.3) upon 
irradiation with UV-light for one minute, which is different from DTE3open in 
chloroform. This indicates that DTE3closed has both ring-closed 
dithienylethene and cis-azophenols in THF (Scheme 6.3). The 
photoisomerization can be switched reversibly and the increase in absorbance 
(Abs) at 630 nm was observed for DTE3closed in THF (Abs = 0.09) as 
compared to that obtained in chloroform (Abs = 0.05), indicating a higher 
photoconversion yield at the photostationary state in THF. The photoinduced 
dithienylethene ring-closing yield and trans-cis isomerization of DTE3 are 
~48% and ~62%, respectively, at photostationary state (Appendix, Figure 
S6.37). The presence of additional NMR peaks suggests the presence of DTE3 
isomer with open-ring dithienylethene and cis-azophenol groups. A sharp 
hydroxyl proton peak (9.03 ppm) was found for DTE3 in deuterated THF, 
which indicates a slow proton exchange owing to the strong hydrogen bonding. 
This demonstrates that the stabilization of azophenols improves the 
photoconversion yield of dithienylethene.  
 
Figure 6.4 Normalized absorption spectra of DTE3 films prepared from 
chloroform (a) and THF (b); open-ring isomer (-■-) and closed-ring isomer (-
●-) at photostationary state upon irradiation at 365 nm for 5 minutes. The 
films were prepared by dropcasting the solution of DTE3 onto a quartz plate, 
followed by evaporation at room temperature. 
 
Thin films of DTE3open were prepared from solutions of compounds in 
chloroform and THF and the photochromic properties were investigated by 
spectroscopic techniques (Figure 6.4). Similar photochromic changes were 
observed for DTE3open upon irradiation with UV-light, where ring-closed 













































dithienylethene and cis-azophenols were formed inside the films prepared 
from THF solution (Figure 6.4b). However, thermal relaxation of cis-
azophenols happened after 30 minutes due to complete evaporation of THF 
from DTE3open film. The photophysical properties of all DTEs are 
summarized in Table 6.1.  
 
Table 6.1 Summary of photophysical properties of DTEs in different solvents. 





















































































Absorption maxima and emission peak were measured in dilute solution. 
b 
Thin 
films were prepared by dropcasting the solution of molecules onto quartz plates, 
followed by slow evaporation at room temperature.  
 
6.2.5 Comparison of Photochromic Properties of DTEs 
DTE3 absorbs at longer wavelength (i.e. λmax = 382 nm in chloroform) 
due to incorporation of azo- group with more extended conjugation as 
compared to DTE1 (i.e. λmax = 328 nm in chloroform) and DTE2 (i.e. λmax = 
328 nm in chloroform). Similarly, DTE3 showed red-shift in emission 
maximum (λems = 437 nm) in chloroform and THF. DTE2 showed a longer 
emission maximum (λems = 455 nm) in methanol as compared to that in THF 
(λems = 419 nm) and chloroform (λems = 412 nm), indicating a strong 
photoinduced intramolecular charge transfer from electron-donating catechol 
groups to perfluorocyclopentene group in an increasing order of solvent 




smaller red-shift in emission maxima in increasing order of solvent polarity. 
DTE3open showed a relatively slower photoinduced ring closing reaction due 




6.2.6 Photochromic Properties of Azophenolic Compound 10  
In order to prove that the observed changes in absorption intensities of 
DTE3 upon irradiation with UV-light was caused by the formation of cis-
azophenol, photochromic properties of compound 10 in different solvents 
were examined. A dilute chloroform solution of 10 was monitored by 
absorption spectroscopy before and after irradiation at 365 nm (Figure 5a). 
The observed strong absorption maximum at 360 nm (π - π*) is consistent 
with the trans- form of 10, and no changes in absorption profile was observed 
after irradiation (365 nm) for 10 minutes in chloroform. It was reported that 
the azobenzenes incorporated with phenol substituent showed fast thermal 
relaxation in milliseconds scale which is difficult to be detected at room 
temperature.
25
 This is explained by the formation of hydrazine intermediate 
via intermolecular proton transfer between phenol and nitrogen atom of the 





Figure 6.5 Absorption spectra of azophenolic compound, 10 in chloroform (a) 
and THF (b); trans- (-■-) and cis-isomer at the photostationary state (-●-) 
isomer upon irradiation at 365 nm until no further changes in absorption 
profile. 
 
In contrast, the THF solution of 10 showed trans-cis conversion with a 
decrease in intensity of absorption maximum at 360 nm and appearance of a 
new absorption peak at 450 nm upon irradiation (365 nm, 1 minute, Figure 









































6.5b). The trans-isomer can be recovered by irradiating the solution of cis-10 
with visible light. It is conceivable that a polar solvent, such as THF had 
weakened the intramolecular hydrogen bonding, which led to slow thermal 
relaxation. The cis- and trans- isomers of 10 can be switched reversibly by 
exposing the THF solution to UV and visible light, respectively. Similarly, fast 
thermal relaxation was observed for 10 in MeOH owing to the intermolecular 
proton transfer between methanol and azo group. 
 
Figure 6.6 Absorption spectra of DTEopen solution in MeOH before (-■-) and 
after (-●-) addition of aqueous NaOH solution; and DTEclosed solution in 
MeOH before (-▲-) and after (-▼-) addition of aqueous NaOH solution at 
room temperature.   
 
6.2.7 pH-dependent Photochromic Properties of DTE1 - 2  
As DTEs incorporated with phenolic group are sensitive to pH, it is 
interesting to study their absorption changes upon deprotonation in basic 
medium. In this study, the photochromic properties of DTEs in MeOH were 
monitored using absorption spectroscopy before and after addition of aqueous 





























































































































NaOH solution (Figure 6.6). DTE1open and DTE2open showed red-shifts in 
absorption maxima (10 nm) with decrease in absorption intensities after the 
addition of aqueous NaOH solution (Figure 6.6a and 6.6c). The colorless 
solutions of DTE1open and DTE2open have immediately turned into yellowish 
after deprotonation of phenolic group in presence of NaOH (Appendix, Figure 
S6.39). On the other hand, addition of aqueous NaOH solution to the methanol 
solutions of DTE1closed and DTE2closed resulted in red-shifts in absorption 
maxima (10 nm, Figure 6.6b and 6.6d).  
 
Figure 6.7 Absorption spectra of DTEopen solution in MeOH before (-■-) and 
after (-●-) addition of aqueous Fe3+ solution; and DTEclosed solution in MeOH 
before (-▲-) and after (-▼-) addition of aqueous Fe3+ solution; the ratio of 
DTE : Fe
3+
 used was 1 : 1, and Fe
3+
 ions were added prior to 





































































































































6.2.8 pH-dependent Photochromic Properties of DTE3  
DTE3 with azophenolic group showed a more significant red-shift in 
absorption maximum after deprotonation. Appearance of a new absorption 
maximum at 452 nm for DTE3open was observed upon addition of aqueous 
NaOH solution (Figure 6.6e), which gave deep orange solution. Similar 
changes in absorption spectra (red-shift of 64 nm) were also observed for 
DTE3closed after addition of aqueous NaOH solution (Figure 6.6f). However, 
the photoisomerization of deprotonated DTE3open was observed to be slower 
and required an irradiation time of up to 10 minutes to reach photostationary 
state in comparison to neutral DTE3open (5 minutes). 
 
6.2.9 Photochromic Properties of DTEs in Presence of Fe
3+
 Ions 
It is understood that the phenolic compounds have strong affinity 
towards Fe
3+
 ions. DTE1open showed no spectral changes upon addition of Fe
3+
 
ions (1 eq) in MeOH (Figure 6.7a). The absorption peak of DTE1closed in 
presence of Fe
3+ 
ions resembles to that of DTE1closed in the absence of Fe
3+
 
ions, which suggested that Fe
3+ 
has negligible effect on DTE1open 
photoisomerization (Figure 6.7b). In Figure 6.7c, DTE2open exhibited large 
red-shift in absorption maxima (27 nm) after addition of Fe
3+
 ions in solution, 
indicating a strong complexation between Fe
3+
 ions and catechol groups of 
DTE2open. On the other hand, smaller photoconversion was observed in 
DTE2closed complex as evident from the lower absorbance at 620 nm (Figure 
6.7d). DTE3open showed a decrease in intensities of absorption maximum at 
382 nm and appearance of a shoulder peak at 460 nm upon addition of Fe
3+
 
ions in solution (Figure 6.7e). In comparison to DTE1, DTE3 showed a strong 
interaction with Fe
3+
 ions (Figure 6.7f). It is conceivable that presence of azo- 
groups influences the interaction with Fe
3+
 ions, which gave large red-shift in 
absorption maximum.
26
   
 
6.2.10 Electrochemical Properties of DTEs 
The electrochemical properties of DTEs were evaluated using cyclic 
voltammetry (CV) with a platinum working electrode and Ag/AgCl reference 




in anhydrous dichloromethane and at a scan rate of 100 mVs
-1
 before and after 
irradiation with UV-light (365 nm, 10 minutes).  
 
Figure 6.8 Cyclic voltammograms of DTE1 (a), DTE2 (b), and DTE3 (c) 
recorded in a 0.1 M solution of tetrabutylammonium hexafluorophosphate in 
dichloromethane at a scan rate of 100 mVs
-1 
with a Ag/AgCl as a reference 
electrode. The photoisomerizations of DTEs were carried out by irradiating 
the dichloromethane solutions with UV-light (365 nm, 10 minutes).   
 
As shown in Figure 6.8a, DTE1open showed an irreversible oxidation 
peak at +1.52 V, which corresponds to the oxidation of dithienylethene group. 
The electrochemical oxidation has led to formation of DTE1closed in solution. 
The repetitive CV scans resulted in a smaller oxidation peak at +1.52 V and 
appearance of a new oxidation peak at +1.20 V, where the latter was caused by 
the formation of DTE1closed. This is confirmed from the CV trace of 
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DTE1closed obtained from photoisomerization. Similar electrochemically 
induced ring-closing reactions have been observed for other dithienylethene 
derivatives.
27
 As shown in Figure 6.8b, DTE2open underwent an irreversible 
oxidation at around +1.50 V in the first scan, followed by formation of 
DTE2closed with the appearance of a new oxidation peak at around +1.17 V in 
the second scan. This suggests both DTE1open and DTE2open can be switched 
electrochemically to DTE1closed and DTE2closed.  
In contrast, the electrochemical switching of DTE3open is relatively 
weaker, which showed irreversible oxidations at around +1.58 V in the first 
scan. After a few scans, small oxidation peaks were observed for DTE3closed at 
+1.32 V (Figure 6.8c), which suggested a weak electrochemical switching of 
DTE3 molecules. The CV trace of photochemically switched DTE3closed 
showed no significant difference from the electrochemically switched 
DTE3closed.    
 
 
Figure 6.9 FESEM images of DTE1 and DTE2 films from THF solution (6.0 
x 10
-4
 M) on precleaned glass substrates. THF was allowed to evaporate 
slowly inside a desiccator at room temperature under darkness. Films from 
DTE1closed and DTE2closed were prepared by irradiating the solution with UV 
light (365 nm, 10 minutes) prior to drop casting. 
1 µm 1 µm











6.2.11 Self-assembly of DTE1 and DTE2 in THF 
Self-assembly of DTE1 – 2 were examined using scanning electron 
microscopy (SEM) as shown in Figure 6.9. DTE1open and DTE2open films 
showed formation of long micrometer-length needles with diameters of 120 to 
240 nm upon slow evaporation of THF at room temperature. In comparison, 
DTE1closed showed formation of plate-type structures with sizes at around 150 
nm. It is conceivable that the increase in rigidity of closed-ring DTE1 
disrupted the self-assembly of molecules into one-dimensional needles. On the 
other hand, the higher rotational freedoms for DTE1open and DTE2open and 
intermolecular interactions such as hydrogen bonding and π - π stacking 
showed an important role towards the formation of large needles. Nano-sized 
spheres and donut-like structures with various sizes (300 nm to 2 µm) were 
formed from DTE2closed under identical conditions. The rings were only 
formed from DTE2closed with end catechol groups but not from other 
molecules, highlighting the involvement of intra- and inter- molecular 
hydrogen bonds in the formation of circular structures.  
 
 
Figure 6.10 FESEM images of DTE1 and DTE2 films drop-casted from 
MeOH solution (6.0 x 10
-4
 M) on a precleaned glass substrate. MeOH was 
allowed to evaporate slowly inside a desiccator at room temperature under 
darkness. DTE1closed and DTE2closed films were prepared by first irradiating 
the solution with UV light (365 nm, 10 minutes) prior to drop casting. 
10 µm 10 µm












6.2.12 Self-assembly of DTE1 and DTE2 in MeOH 
Thin films of DTE1 - 2 prepared from methanol solutions were also 
examined in order to understand the solvent effects on the self-assembly of 
DTEs (Figure 6.10). Long needles (length ~100 µm) of DTE1open and 
DTE2open were obtained from MeOH. Similarly, DTE1closed film showed 
micron-sized crystalline structures and DTE2closed gave smaller circular 
structures with diameters in the range of 300 – 600 nm. DTE2open needles 
were irradiated at 365 nm prior to SEM examination. However, no 
transformation of assembled structures was observed. It is conceivable that the 
structural changes of DTE2 in solid state are difficult as compared to that in 
solution state.   
Atomic force microscopy (AFM) was used to measure the thickness and 
the height of ring-shaped nanostructures of DTE2closed formed on a silicon 
substrate (Figure 6.11). The DTE2 solution in MeOH was irradiated with UV 
light (365 nm, 10 minutes) prior to dropcasting.  
 
 
Figure 6.11 AFM image (tapping mode) and the height profiles of DTE2closed 
rings on silicon substrate. The DTE2closed solution (365 nm, 10 minutes) in 
MeOH (6.0 x 10
-4
 M) was drop-casted on a pre-cleaned silicon substrate and 
the solvent was allowed to evaporate slowly at room temperature under 
darkness. Inset: the thickness (x-axis) and height (y-axis) of the DTE2closed 
rings were determined to be in the range of 160 – 250 nm, and 55 – 90 nm, 
respectively. 
 
The thickness and height of ring-shaped nanostructures were determined 
to be in the range of 160 – 250 nm, and 55 – 90 nm, respectively. Formation of 
nanorings with a diameter of 150 nm were also reported from polyfluorene by 
using water droplet as template.
28
 It is also known that coffee ring formations 







particles on the surface.
29
 However, smallest coffee rings reported were in the 
size range of 8 – 10 µm,30, 31 which are much larger than the observed circular 
nanostructures from this work. Moreover, the capillary flow that causes the 
non-uniform deposition of particles in the coffee rings was suppressed by 
organic solvents such as ethanol, methanol, octane and THF with strong 
Marangoni effect,
32
 which induced convection flow and resulted in uniform 
depositions.
33
 In addition, the self-assembly of DTE2 are controllable from 
one dimensional micro-sized needle in open-ring isomer to circular 
nanostructures in closed-ring isomer. Therefore, the self-assembly mechanism 
for DTE2 is different from that of the coffee ring formation. 
 
In an effort to further understand the mechanism of the formation of 
circular nanostructures in DTE2closed, deprotonation of DTE2closed (6.0 x 10
-4
 
M) was carried out by using NaOH (4 eq) in MeOH. It is found that the 
deprotonated DTE2closed film showed random shaped aggregates with no 
observable circular or needle-like structures (Appendix, Figure S6.40). It is 
proposed that the formation of circular nanostructures in DTE2closed involved 
an interplay of both inter/intramolecular hydrogen bonding and rigidity of the 
molecular structure of closed dithienylethene group. It is proposed that the 
intermolecular hydrogen bonding and bent conformation of DTE2closed 
molecules are responsible for the formation of circular structures. The self-
assembly of macrocyclic triazolophanes into nanosized toroids and donuts was 
reported recently.
34
 Analysing the crystal structures of the open- and closed-
isomers of both DTE1 and DTE2 also help to understand the self-assembly of 
these molecules in the solid state.   
 
6.2.13 Self-assembly of DTE3  
DTE3open film cast from MeOH (6.0 x 10
-4
 M) showed similar random-
shaped aggregates with micron size range (Appendix, Figure S6.41), which is 
morphologically different from the DTE1open without azo group. DTE3open 
film cast from THF (6.0 x 10
-4
 M) showed random-shaped structures with 
smooth and featureless surfaces. In contrast, DTE3closed film showed well-
defined needle structures, which indicate that the assembly of DTE3 is 





In this chapter, dithienylethene based photochromic compounds with 
phenols (DTE1), catechols (DTE2), azophenols (DTE3) as end groups were 
synthesized. All target molecules showed solvent dependent photochromic 
properties owing to the photoinduced transition between closed-ring and open-
ring isomers of dithienylethene. The photoconversion yields of DTE3 (32%) 
are smaller than that of DTE1 – 2 (70 – 74%) due to a fast thermal relaxation 
of cis-azophenols to trans-azophenols upon photoisomerization in chloroform. 
In contrast, both closed-ring dithienylethene and cis-azophenols (cis-
DTE3closed) were observed in THF owing to a better thermal stability of cis-
azophenols in THF. The transition from needle microstructures to circular 
nanostructures with diameters in the range of 300 – 600 nm was observed for 
DTE2 film upon ring-closing of dithienylethene unit. The light induced 
control over shape and size of self-assembled photochromic system is 
attractive for applications such as molecular pump and delivery systems. 
Future studies will be carried out to explore the relationships between the 
chemical structures and self-assembly property of the DTEs upon irradiation 
of light. This is useful for developing photoresponsive devices in future.  
 
6.4 Experimental Section 
6.4.1 Materials 
The dithienylperfluorocyclopentene (DTE) was prepared according to 





Atomic Force Microscope (AFM) measurements were recorded using a 
Agilent Technologies AFM Picoscan 5 instrument.  
 
6.4.3 Synthesis of Molecules 
The synthetic procedures, characterizations, and NMR spectra are given 
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CHAPTER 7: CONJUGATED POLYPHENOLS: 
SYNTHESIS, PROPERTIES, AND 






From the previous chapter, it is clear that the conformations of 
dithienylethene are controlled by using light and solvents. The interplay of 
both inter/intramolecular hydrogen bonding and rigidity of the molecular 
structure of closed dithienylethene group result in transition of self-assembled 
needles into circular shaped nanostructures is studied. Owing to lack of 
fucntional groups, such conjugated small molecules are expected to respond 
weakly to metal ions. On the other hand, incorporation of metal ion-responsive 
groups (such as hydroxyl group) on the polymer is useful for recognition and 
enhancing the sensitivity towards metal ions. In this chapter, a design strategy 
to synthesize conjugated polymers with functional groups responsible for 
selective metal ions sensing, is described. In addition, the photophysical 
properties before and after complexation with metal ions are studied and 
correlated to the conformation changes of the polymer backbone.  
Conjugated polymers are useful for many potential applications such as 
orgnaic solar cells,
1







 Effects of incorporating different subtituents in conjugated 
polymer, such as electron-donating/withdrawing,
5





 and metal ions sensing,
8
 have been studied for specific applications. 
Gallic acid (3,4,5-trihydroxybenzoic acid) and its derivatives are commonly 
found in many plants. Gallic acid derivatives exhibit strong antioxidant, 
anticarcinogenic, and metal-chelating properties,
9,10
 which have been 
extensively used in the pharmaceutical, comestic, and food industries. Such 
multidentate ligand is also expected to show high affinity towards metal ions 
and therefore it is interesting to study their metal-sensing properties. Zn
2+
 ion 
is the second most abundant transition metal ion in human body and plays 
important roles in controlling gene expression, apoptosis, cellular metabolism, 
and regulation of metalloenzymes.
11-13
 Many reported fluorescent sensors for 
Zn
2+







 but only a few are based on conjugated polymers.
17-19
 The 
incorporation of trihydroxybenzene group on the conjugated polymer is 
expected to enhance metal-sensing property through the sensory signal 
amplification.
20




conjugation gives an amplified response (for example emission quenching) in 
the polymer system as compared to that found in an analogous monomer 
system.
21
 Hence, it is highly desirable for designing a polymer system that 
exhibits high selectivity and sensitivity towards Zn
2+
 ion.   
Herein, three polymers incorporated with 3,4,5-trihydroxybenzene group 
(P1(OH)n – P3(OH)n) were synthesized (Figure 7.1). 3,4,5-
Trihydroxybenzene group was connected to the 3-position of the thiophene via 
a vinylene (P1(OH)n and P2(OH)n) or acetylene (P3(OH)n) linker. The 
thiophene monomer was copolymerized with electron-donating fluorene or 
carbazole monomer incoporated with solubilizing alkyl chains. Effects of 
structural variations (linker groups and monomers) on photophysical, 
electrochemical, metal ions sensing properties, and self assembly of polymers 




Figure 7.1 The target conjugated polyphenols (P1(OH)n – P3(OH)n) with 
side trihydroxybenzene groups (A).
  
A schematic representation of polymer 
complexation with Zn
2+








7.2 Results and Discussion 
7.2.1 Synthesis and Characterization of the Polymers 
3,4,5-Trihydroxybenzaldehyde was protected with tert-
butyldimethylsilyl chloride in presence of 4-dimethylaminopyridine and 
triethylamine to afford compound 1 in 95% yield (Scheme 7.1). Next, radical 
bromination of 2,5-dibromo-3-methylthiophene using benzoyl peroxide in 
tetrachloromethane to afford compound 2 in 57% yield, which was reacted 
with triethylphosphite at 160 °C for 3 hours to form phosphonium ylides. A 
Wittig-Horner reaction
22
 between compound 1 and phosphonium ylides in 
presence of sodium methoxide to give the M1 (30% yield) in trans-
conformation as confirmed by 
1
H NMR analysis (Appendix, Figure S7.11), 
with a coupling constant of 16 Hz for trans-alkene protons. M2 was 
synthesized starting from bromination of 3-iodothiophene to give 
dibrominated compound 3 in 83% yield. 1-Bromo-3,4,5-trihydroxybenzene 
was protected with triisopropylsilyl (TIPS) group (79% yield), followed by a 
palladium-catalyzed Sonogashira coupling reaction
23
 with 
ethynyltrimethylsilane. The selective desilylation of the acetylene group gave 
the compound 5 (79% yield), which was coupled selectively to 3 under 
Sonogashira coupling condition to give M2 in 75% yield. All intermediate 
molecules are fully characterized.  
Copolymerization of M1 or M2 with 9,9-didodecyl-2,7-
diethynylfluorene (Flu) or N-octyl-2,7-diethynylcarbazole (Cbz) under 
Sonogashira coupling condition to afford three polymers, P1 - P3 as shown in 
Scheme 7.2. The crude polymers were purified using Soxhlet extraction with 
various organic solvents. Methanol (12 hours) and acetone (24 hours) were 
used to remove unreacted monomers, catalysts, and low molecular weight 
oligomers from the crude polymer. The target polymer was extracted using 
chloroform (6 hours), which was concentrated and precipitated in excess 
methanol. The purified polymers P1 - P3 are soluble in common organic 
solvents such as chloroform, THF, toluene, and chlorobenzene.
 1
H NMR 
spectra of P1 - P3 showed broad peaks as compared to those of respective 





Scheme 7.1 Synthetic approach for thienyl monomers, M1 and M2. (i) 
TBDMSCl, DMAP, triethylamine, THF, r.t, 18 h, 95%; (ii) NBS, benzoyl 
peroxide, CCl4, reflux, 8 h, 57%; (iii) (a) P(OEt)3, 160 °C, 3 h; (b) 1, NaOMe, 
THF, 0 °C to r.t, 18 h, 30%; (iv) NBS, DMF, 60 °C, 12 h, 83%; (v) TIPSCl, 
DMAP, triethylamine, THF, r.t, 18 h, 79%; (vi) (a) ethynyltrimethylsilane, 
Pd(PPh3)4, CuI, triethylamine, 80 °C, 18 h, 93%; (b) K2CO3, DCM/MeOH, r.t, 
18 h, 79%; (vii) 3, PdCl2(PPh3)2, CuI, THF/DIPA, 55 °C, 5 h, 75%.     
 
Scheme 7.2 Synthesis of target phenolic polymers using Sonogashira cross-
coupling polymerization. (a) M1 or M2, Pd(PPh3)4, CuI, THF/triethylamine, 
reflux, 24 hours to afford P1, P2 and P3 (54 – 73% yields); (b) TBAF, THF, 




Also, presence of proton signals from tert-butyldimethylsilyl or 
triisopropylsilyl groups in P1 - P3 in the NMR spectra indicates that they are 
stable under Sonogashira polymerization condition. It is conceivable that the 
P1 – P3 are region-random polymers owing to the non-regioselective 
polymerization of thiophene monomers (M1 or M2). The separation of 
different regioisomers of the polymers is not easy and not the topic of current 
work. The molecular weights and polydispersities of polymers were estimated 
using gel permeation chromatography (GPC) with polystyrene as standard and 
THF as eluent (Table 7.1). P1 and P3 have higher number average molecular 








, respectively, as 





The deprotections of the regiorandom polymers were carried out by 
using tetrabutylammonium fluoride (TBAF) in THF at room temperature. 
Immediate precipitation of polymer from THF was observed upon addition of 
TBAF. The precipitated polymers P1(OH)n, P2(OH)n, and P3(OH)n were 
filtered and washed repetitively with dichloromethane to remove unreacted 
polymers or reagents. P1(OH)n and P2(OH)n are slightly soluble in THF and 
DMF, but insoluble in chloroform, dichloromethane, and toluene. On the other 
hand, P3(OH)n is partially soluble in chloroform, THF, and DMF. 
1
H NMR 
showed absence of tert-butyldimethylsilyl or triisopropylsilyl signals in 
P1(OH)n, P2(OH)n, and P3(OH)n, indicating a full deprotection of silyl 
groups by using TBAF (Appendix, Figure S7.21 – S7.26). 
The thermal stabilities of polymers were evaluated by using 
thermogravimetric analysis (TGA) at a heating rate of 10 °C min
-1
 under a 
nitrogen atmosphere. From the TGA traces, the thermal decomposition 
temperatures (at 5% weight loss) for P1 - P3 were determined to be 340 – 
395 °C (Appendix, Figure S7.27). In contrast, the TGA traces of phenolic 
polymers, P1(OH)n, P2(OH)n, and P3(OH)n showed a multiple-step thermal 
degradation process starting at around 150 °C, which is attributed to the 
pyrolytic decomposition of phenolic polymers that involved formation of 
radicals possibly through cleavages of hydroxyl group or hydroxyl hydrogen.
24, 
25


























P1 43 400 93 800 2.16 365 
P2 8 700 17 300 1.97 340 
P3 31 200 73 000 2.33 395 
a
 Mn, Mw, and polydispersity indexes were determined using GPC with 
polystyrene as standard in THF. 
b
 Measured at 5% weight loss of polymer 
under nitrogen atmosphere with a heating rate of 10 °C /min from TGA 
thermograms.   
 
7.2.2 Solvatochromic Properties of P1 - P3  
The absorption and emission spectra of target polymers were measured 
in dilute THF and DMF solutions (Figure 7.2). P1, P2, and P3 showed 
absorption maxima at 420 nm, 418 nm, and 400 nm in THF, and emission 
peaks at 466 nm, 458 nm, and 455 nm, respectively, which were red-shifted 
relative to that of their respective monomers owing to the extended 
conjugation along the polymer backbone. In addition, both P1 and P2 showed 
a red-shift in absorption and emission maxima as compared to those of P3 
(Figure 7.2a, 7.2c, and 7.2d). This is explained by a better conjugation 
between trihydroxybenzene group and polymer backbone through double bond 
as compared to that of triple bond.
26
  
Significant blue-shifts in absorption (38 nm) and emission (42 nm) 
maxima were observed for P1 in DMF (λmax = 382 nm; λems = 424 nm) owing 
to the twisting of polymer backbone originated from interaction between polar 
solvent, hydrophobic alkyl chains, and polymer main chain (Figure 7.2a and 
7.2b). Similarly, P3 showed broad absorption peak at 370 nm and emission 
peak at 455 nm in DMF (Figure 7.2e and 7.2f). However, no spectral shifts in 
absorption and emission were observed for P2 in DMF (Figure 7.2c and 7.2d), 
which indicated the conformation of P2 is not affected by solvent polarity.   
 
7.2.3 Solvatochromic Properties of Deprotected Polymers 
In contrast, the deprotected polymers P1(OH)n, P2(OH)n, and P3(OH)n 
showed blue-shifts in absorption maxima to 405 nm, 375 nm, and 350 nm in 






Figure 7.2 A comparison of solution state absorption (left) and emission (right) 
spectra for protected and deprotected polymers; P1 and P1(OH)n (a and b); 
P2 and P2(OH)n (c and d); P3 and P3(OH)n (e and f); protected polymer (P1, 
P2, P3) in THF (-■-) and DMF (-●-), and deprotected polymer (P1(OH)n, 
P2(OH)n, P3(OH)n) in THF (-▲-) and DMF (-▼-). 
 
The non-planarity or blue-shift in optical properties of polymer 
backbone is explained by strong inter-chain hydrogen bonding between 
trihydroxybenzene groups on the polymer chains, resulting in distortion of 
conjugated backbone. P1(OH)n showed a broad emission peak at 468 nm as 
compared to that of P1 with a resolved emission peak at 466 nm in THF 
(Figure 7.2b). P2(OH)n (λems = 443 nm) and P3(OH)n (λems = 443 nm) in THF 
































































































































































showed blue-shifts of 15 and 12 nm, respectively, as compared to those of 
protected precursor polymers (Figure 7.2d and 7.2f). 
On the other hand, P2(OH)n (λmax = 418 nm) and P3(OH)n (λmax = 395 
nm) dissolved in DMF showed significant redshifts in absorption maxima (~ 
45 nm) as compared to those found in THF (Figure 7.2c and 7.2e). It is 
conceivable that a more polar solvent interacts strongly with highly polar 
trihydroxybenzene groups and disrupts the interchain hydrogen bonding 
within the polymer matrix. P1(OH)n, P2(OH)n, and P3(OH)n exhibited red-
shifts in emission peaks to 475 nm, 460 nm, and 457 nm in DMF, respectively, 
as compared to those found in THF (Figure 7.2b, 7.2d, and 7.2e). The 
photophysical properties of all polymers are summarized in Table 7.2.    
 
Table 7.2 Summary of the photophysical properties of polymers. 



















P1 420 140 466 382 424 
P1(OH)n 405 55 468 400 475 
P2 418 95 458 418 433 
P2(OH)n 375 39 443 425 460 
P3 400 120 455 370 451 
P3(OH)n 350 52 443 395 457 
a
 Absorption maxima and emission peak were measured in dilute 
solution. 
b
 The extinction coefficient, ε, was calculated by dividing 
absorbance by concentration (mg cm
-3
) and path length (1 cm). 
 
7.2.4 Electrochemical and Theoretical Computation  
 
The redox behaviors of deprotected polymers were evaluated using CV 
using an Ag/AgCl reference electrode and platinum as working electrode. The 
cyclic voltammograms of polymers were recorded in 0.1 M solution of 
tetrabutylammonium hexafluorophosphate in DMF using a scan rate of 100 
mV s
-1
 at room temperature. All electrochemical properties are summarized in 
Table 7.3. As shown in Figure 7.3, P1(OH)n, P2(OH)n, and P3(OH)n showed 
one quasi-reversible oxidation peak at around +1.10 V, +1.11 V, and +1.20 V, 




respectively. The quasi-reversibility for oxidation of polymers can be clearly 
observed in the sweep range from 0 to +1 V (Appendix, Figure S28), which 
could be attributed to the formation of quinone upon oxidation, followed by 
reduction back to phenol.
27, 28
 The repeated scanning showed the same CV 
traces, which suggested that polymers are stable in solution. The oxidation 
peak in P3(OH)n has shifted to a higher positive potential (+1.20 V) as 
compared to those of P1(OH)n (+1.10 V) and P2(OH)n (+1.11 V) owing to 
the weaker electronic delocalization between the trihydroxybenzene and 
polymer backbone via acetylene group.
26
   
 
Figure 7.3 Cyclic voltammograms of P1(OH)n – P3(OH)n recorded in a 0.1 
M solution of tetrabutylammonium hexafluorophosphate in anhydrous DMF at 
a scan rate of 100 mVs
-1 
using an Ag/AgCl reference electrode. The polymers 
were dissolved in anhydrous DMF prior to measurements. 
Density functional theory (DFT) calculations were performed on the 
model dimers of polymers to gain a better understanding of their 
electrochemical properties. The frontier orbital energy levels were calculated 
based on the optimized geometry by using the Gaussian 09
29
 program at the 
B3LYP/6-311g (d, p) level. The HOMO and LUMO surface plots of model 
compounds are shown in Figure 7.4. As expected, the HOMO wave functions 
of all polymers are delocalized mainly on the trihydroxybenzene-substituted 
monomer (M1 and M2). On the other hand, the LUMO wave functions are 
only distributed on the polymer backbone. The HOMO energy levels of 
P1(OH)n, P2(OH)n, and P3(OH)n were estimated to be -5.37 eV, -5.35 eV, 
and -5.48 eV, respectively, and the LUMO energy levels of P1(OH)n, 
P2(OH)n, and P3(OH)n were -2.21 eV, -2.16 eV, and -2.27 eV, respectively, 





























Figure 7.4 Model dimers for P1(OH)n – P3(OH)n with HOMO and LUMO 
surface plots calculated by using DFT at the B3LYP/6-311g (d,p) level.  
 



















P1(OH)n +1.10 + 0.83 -5.37 -2.21 
P2(OH)n +1.11 + 0.89 -5.35 -2.16 
P3(OH)n +1.20 + 0.85  -5.48 -2.27 
a
 Determined from the potential at oxidation or reduction 
peak.
 b 














The differences in HOMO energy levels and band gap of P3(OH)n with 
respect to other polymers are explained using a weaker interaction of 
trihydroxybenzene moiety connected to polymer backbone via linear acetylene 
linker as compared to isomeric vinylene linker in other polymers. The 
electron-rich carbazole incorporated P2(OH)n showed a LUMO energy level 
at -2.16 eV. Thus, P1(OH)n backbone incorporated with fluorene moiety and 
vinylene linker to the trihydroxybenzene exhibited a band gap of 3.16 eV. All 
electrochemical properties of polymers are summarized in Table 7.3. 
7.2.5 Detection of Zn
2+
 Ions in THF 
It is known that gallic acid derivatives can chelate to Zn
2+
 ions strongly 





 No changes in absorption and emission profiles were observed when 
Zn
2+
 ions (up to 1 x 10
-3
 M) was added to a solution of P1, P2, or P3 in THF 
(Appendix, Figure S7.29 – 7.31). On the other hand, small decrease in 
emission intensity was found for P1(OH)n after addition of Zn
2+
 ions, 
indicating a weak complexation process. However, P2(OH)n and P3(OH)n 





 7.2.6 Detection of Zn
2+
 Ions in DMF 
 The effect of solvent polarity on interaction of metal ions and polymer 
chains was studied. P1(OH)n, P2(OH)n, P3(OH)n exhibited stronger 
complexation with Zn
2+
 ions (1 x 10
-4
 M) in DMF as shown in Figure 7.5. The 
enhanced complexation between polymers and metal ions in polar solvent 
such as DMF, is explained by the higher solubility and enhanced stabilization 
of metal complexes. Similar spectral changes were not observed for protected 
polymers (P1 - P3) in DMF (Appendix, Figure S7.32 - S7.34), indicating the 
complexation of Zn
2+
 ions required the free hydroxy groups on the polymers. 
A 20% decrease in absorbance was found for P1(OH)n upon addition of Zn
2+
 
ions (Figure 7.5a). However, P1(OH)n showed a significant red-shift in 
emission maximum from 475 nm to 535 nm with a 74% decrease in emission 
intensity (Figure 7.5b). Similarly, P2(OH)n and P3(OH)n showed 15% and 10% 




respectively (Figure 7.5c – 7.5f). Here, the polymers were not employed to 
detect metal ions in aqueous solution owing to the poor solubility in water. For 
example, P1(OH)n-P3(OH)n was precipitated from DMF solution upon 
addition of water (20% by volume). Thus, DMF was used as solvent for 
fluorescence quenching studies of P1(OH)n-P3(OH)n in presence of metal 
ions. 
 
Figure 7.5 Absorption (left) and emission (right) spectra of P1(OH)n (a and 
b), P2(OH)n (c and d), and P3(OH)n (e and f) upon addition of metal ions 
solution (1 x10
-4
 M) in DMF. The concentrations for all polymers were 4 






























































































































































































P1(OH)n incorporated with a vinylene linkage between 
trihydroxybenzene and polymer backbone showed stronger binding constant 
towards Zn
2+
 ions. This was evident from the Stern-Volmer quenching 
constants
30
 (Ksv) of polymers for Zn
2+
 ions (Table 7.4, and Appendix, Figure 
S7.38), which can be used to estimate for the binding constants of polymer 




 as compared to 









, respectively. P1(OH)n showed a higher sensitivity (27% lower in 
emission intensity) at low concentration of Zn
2+
 ions (1.5 µM). This is in 
contrast to the emission quenching of P2(OH)n (6%) and P3(OH)n (3%) 
measured under identical conditions.     
No significant shifts in absorption or emission maxima for P2(OH)n and 
P3(OH)n upon complexation with Zn
2+
 ions. This suggests that the 
complexation of P2(OH)n and P3(OH)n with Zn
2+ 
ions did not cause 
significant conformational changes on the polymer backbone such as 
planarization, which is usually observed for conjugated polymers with 
recognition site incorporated on the polymer backbone, such as bipyridyl 
groups.
31
 It is conceivable that energy transfer along polymer backbone is 
mainly responsible for the observed emission quenching.
21
 However, shifts in 
emission maximum were observed for P1(OH)n when complexed with Zn
2+
 
ions. The flexible vinylene linker between recognition site and polymer 
backbone in P1(OH)n allows conformational alteration of the polymer chain 
upon metal ions complexation, as compared to that of P3(OH)n with acetylene 
linker. In addition, carbazole moiety on the backbone of P2(OH)n results in a 
more rigid polymer backbone, which allows minimal conformational changes 
after complexation as revealed from emission spectra. On the other hand, 
fluorene moiety with two long alkyl chains enhances the disorder in the 
backbone, as evident from higher solubility for P1(OH)n, which could explain 
the significant conformational changes of polymer chains upon complexation.   
  
7.2.7 Detection of other Metal Ions in DMF 























conditions. A redshift in emission maxima was observed for P1(OH)n in 
presence of Zn
2+
 (60 nm) and Ca
2+
 ions (30 nm). 
 
 
Table 7.4 Stern-Volmer constants for P1(OH)n, P2(OH)n, P3(OH)n in DMF. 





Metal ions P1(OH)n P2(OH)n P3(OH)n  
Hg
+
 0.09 0.11 0.02 
Mg
2+
 0.70 0.11 0.11 
Cd
2+
 0.85 0.24 0.04 
Ca
2+
 2.17 0.45 0.15 
Zn
2+
 3.73 0.69 0.32 
Pb
2+
 3.07 0.61 0.35 
Ni
2+
 1.95 0.88 0.41 
          Ag
+
 1.46 0.40 0.47 
Cu
2+
 3.99 0.51 0.43 
Fe
3+
 4.26 1.13 1.22 
The Stern-Volmer constant, Ksv was calculated according to the Stern-
Volmer equation: I0/I = 1 + Ksv[C], where I0 and I are the emission 
intensities in absence and presence of metal ions, respectively; [C] is the 
concentration of metal ions. 
 
 


















 ions produced a 
blue-shift of 15 nm, 10 nm, and 5 nm, respectively, in the emission maximum 
of P1(OH)n, together with significant quenching in emission intensities (76% 
 90%). Cu2+ and Fe3+ cations, known for strong complexation with phenolic 
compounds, also quenched the emission intensities (~93%) of P1(OH)n 
(Appendix, Figure S7.35) with no significant changes in emission maximum. 






















Similarly, P2(OH)n and P3(OH)n showed decreased absorbance and 
emission intensities (Figure 7.5c – f) in presence of metal ions. It is noted that 




of P1(OH)n and P2(OH)n; for example, the quenching efficiencies of 2% (Hg
+
 
ions) and to 59% (Ag
+
 ions) were observed for P3(OH)n, which is smaller 
than those of P2(OH)n (15% for Hg
+
 and 72% for Ag
+
 ions) and P1(OH)n (16% 
for Hg
+
 and 90% for Ag
+
 ions) under same metal ion concentrations. As 
expected, the trivalent Fe
3+
 cations resulted in strong emission quenching of 
up to 90% for all three polymers (Appendix, Figure S7.36 - S7.37). The Ksv 
values of polymers in presence of metal ions are summarized in Table 7.4 
(Appendix, Figure S7.39 – S7.41). On the other hand, the Ksv values of 
polymers have decreased when the vinylene linker is substituted with 
acetylene on the polymer backbone of P3(OH)n. However, P2(OH)n showed 
smaller Ksv values even it is incorporated with a vinylene linker. This is 
attributed to the better interchain packing for P2(OH)n originated from 
carbazole moiety containing one octyl chain, as compared to that of fluorene 
moiety containing two dodecyl chains.
32
 Other reason could be the lower 




) as compared to that of 




).    
  
 
Figure 7.6 Optical images of polymers upon addition of metal ions (~20 µM) 
in DMF under UV-lamp (λ = 365 nm).    
 
The optical images of P1(OH)n, P2(OH)n, and P3(OH)n excited at 365 
nm were taken in presence of different metal ions are given in Figure 7.6. The 
fluorescence of P1(OH)n was changed from blue to yellow color upon 
P1(OH)n
Hg+ Zn
2+Mg2+ Cd2+ Ca2+ Pb







2+ Ca2+ Zn2+ Pb2+ Ni2+ Ag+ Cu2+ Fe3+
Hg+








 ions, which corresponds to the red-shift in emission 
maximum of the polymer upon complexation. On the other hand, P1(OH)n 
showed no changes in color of fluorescence for other metal ions. P2(OH)n and 
P3(OH)n also showed no changes in color of fluorescence upon metal ions 
complexations. 
 
7.2.8 Morphologies of polymers 
SEM images of P1(OH)n and P2(OH)n films showed random-shaped 
aggregates with micron-sized diameters (Appendix, Figure S7.42). A closer 
view on other areas of P1(OH)n and P2(OH)n films disclosed a smooth and 
featureless surface morphology. In contrast, P3(OH)n film showed random-
shaped aggregates with rough surface morphology. Interestingly, P1(OH)n 
film in presence of Zn
2+
 ions showed formation of needles with diameter of 
150 – 200 nm and length up to 20 µm, which explained the large red-shift in 
emission wavelength as shown from titration studies. The energy-dispersive 
X-ray (EDX) analysis confirmed the presences of Zn
2+ 
ions in the needle 
(Appendix, Figure S7.43). In contrast, the Zn
2+
 and other metal cations 
complexes of P2(OH)n and P3(OH)n showed random-shaped structures. This 
suggests that the structure of the polymer can significantly affect the 
properties and assembly of polymer-M
+n
 complex as shown from 
photophysical and SEM studies. Overall, the studies showed that the polymer 
structures and conformations could be fine-tuned for selective sensing of metal 
ions. For example, P1(OH)n incorporated with the vinylene linker and 
fluorene moiety showed large conformational alteration of the polymer chain 
upon complexation with Zn
2+
 ions, resulting in a red-shift of 60 nm in 
emission maximum. From the metal ions titration studies, it is clear that 
P1(OH)n showed a larger red-shift of 70 nm in emission maxima towards Zn
2+
 
ions, as compared to the 10 – 30 nm red-shifts as observed from complexation 
with other metal ions. In addition, P1(OH)n also showed similar red-shift (70 
nm) in emission maxima in the mixture of Zn
2+
 ions and other metal ions, 




ions, which significantly quenched the 
emission of the polymer. This suggests that P1(OH)n is selectivity complex 
with Zn
2+




sensitivity of polymer should be further improved to become useful for the 
development of real-time fluorescent metal ions sensors. 
 
7.3 Conclusion 
In summary, three conjugated polymers with 3,4,5-trihydroxybenzene 
groups were synthesized via Sonogashira polymerization. P1(OH)n with 
fluorene moiety and vinylene linker between recognition site 
(trihydroxybenzene) and conjugated backbone showed higher binding 
constants towards Zn
2+
 ions and other heavy metal ions. Particularly, P1(OH)n 
exhibited different changes (i.e. blue-shift or red-shift) in emission maximum 
and intensity in presence of different metal ions. For example, a large red-shift 
of 60 nm in emission maximum was observed for P1(OH)n after complexation 
with Zn
2+
 ions. In contrast, P2(OH)n and P3(OH)n only showed decreased 
emission intensity with minimal changes in emission maxima. SEM analysis 
showed that P1(OH)n–Zn
2+
 complex gave micron-sized needles via slow 
evaporation of the solvent, which suggests that the structure of polymer 
backbone significantly affects the photophysical property, metal sensing, and 




7.4 Synthesis Procedures 
The synthetic procedures, characterizations, and NMR spectra of 
monomers and polymers are given in the Appendix 7.  
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CHAPTER 8: SOLUBLE GRAPHENE 







Synthetic strategies for developing multidimensional π-conjugated 
molecules and investigation on conformation-property correlations of these 
materials have been described in earlier chapters. If properly functionalized, 
these one-dimensional or three-dimensional π-conjugated systems may act as 
potential materials for developing sensors for metal ions. In this chapter, 
graphene nanoribbons, a two-dimensional π-conjugated planar system, are 
prepared using solution based chemical synthesis and properties are 
investigated. The challenge here is to design and synthesize oligophenylenes 
with functional groups that facilitate planarization during oxidative 
cyclodehydrogenation.     
Soluble graphene nanoribbons (GNRs) have attracted considerable 
interests owing to their extraordinary electronic, thermal, and mechanical 














 The well-defined chemical structure of GNR can be 
obtained from solution-based bottom-up synthesis, which has many 
advantages over the top-down approaches.
8
 In addition, the optical, 
electrochemical, and electronic properties of GNRs can be tuned by varying 
their size and symmetries.
9, 10
 GNRs can be conveniently synthesized by using 
solution-mediated intramolecular oxidative cyclodehydrogenation of oligo- or 
polyphenylene precursors,
11-15
 in the presence of Lewis acid catalysts such as 
iron(III) chloride.
11
 However, the success of such method is highly dependent 
on the electronic nature and structure of the precursor molecules.
16
 For 
example, the intramolecular cyclodehydrogenation of o-phenylene is difficult 
owing to the skeletal rearrangements of the phenyl groups.
17
 On the other hand, 
the oxidative cyclodehydrogenation of o-phenylene will afford GNRs with 
armchair edges. Different strategies had been reported for 
cyclodehydrogenation of o-phenylenes such as photochemical 
dehydrohalogenation or stepwise cyclodehydrogenation.
18, 19
 In a pioneering 
approach, Müllen’s group reported many elegant solution syntheses of GNRs 







Figure 8.1 Bottom-up approach for synthesis of GNRs G-1 and G-2 from 
planarization of oligophenylenes. 
 
 
Scheme 8.1 Synthesis of target compounds 1 - 6. (i) Pd(PPh3)4, 
dimethoxyethane, 2M aqueous K2CO3 solution, 80 °C, 18 h, 42%; (ii) 
bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, 1,4-dioxane, 80 °C, 18 h, 60%; 
(iii) PdCl2(PPh3)2, Aliquat® 336, THF, 2M aqueous Na2CO3 solution, 70 °C, 
18 h, 50%; (iv) bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, 1,4-dioxane, 
90 °C, 24 h, 86%. 
 
Herein, soluble GNRs with two different sizes via extension of π 




oligophenylenes were prepared and followed by oxidative 
cyclodehydrogenation in presence of iron(III) chloride to afford target 
molecules G-1 and G-2 (Figure 8.1). Alkoxy groups are attached on the 
periphery of the molecules to improve the solubility in organic solvents and 
ease of purification. Also, the electron-donating alkoxy groups should enhance 
the reactivity towards oxidative cyclodehydrogenation. 
 
8.2 Results and Discussion 
8.2.1 Synthesis of Target Molecules 
The synthetic routes of precursor molecules are given in Schemes 8.1 
and 8.2. The Suzuki-Miyaura
20
 coupling between borylated compound 1 and 
2-bromo-1,4-diiodobenzene in presence of Pd(PPh3)4 as catalyst, and K2CO3 
as base to afford compound 2 in 42% yield. A subsequent Miyaura 
borylation
21
 of compound 2 with bis(pinacolato)diboron using Pd(dppf)Cl2 as 
catalyst and KOAc as base to give borylated compound 3 in 60% yield. A 
Suzuki-Miyaura coupling of compound 4 and 2-bromo-1,4-diiodobenzene was 
attempted to afford compound 5. However, mixed products of mono-, di-, and 
tricoupled compounds were isolated, which led to a low yield (19%) of target 
compound 5. This is attributed to the more reactive borylated compound 4 
incorporated with dialkoxy groups. In order to resolve this issue, the Suzuki-
Miyaura coupling condition was optimized by using a palladium salt 
(PdCl2(PPh3)2) and Na2CO3 in a mixture of THF/H2O/Aliquat® 336 at reflux 
temperature. This improved the product yield of compound 5 to 50%. 
Subsequently, compound 5 was subjected to borylation to afford compound 6 
in 86% yield. 
Nickel-catalyzed Yamamoto homocoupling
22
 of aromatic halides 
compound 2 or compound 5, was carried out to obtain dimers 9 or 10 in 68% 
and 72% yields, respectively. On the other hand, the trimers 11 and 12 were 
prepared in a few steps. A Suzuki-Miyaura coupling of 1,4-diiodo-2,5-
bis(trimethylsilyl)benzene with two equivalents of borylated compound 1 gave 
compound 7 in 62% yield, followed by a substitution of trimethylsilyl groups 
with iodo groups in presence of excess iodine monochloride to afford 





Scheme 8.2 Synthesis of target compounds 7 – 12. (i) Ni(cod)2, 2,2-bipyridyl, 
cod, THF, 80 °C, 18 h, 68% for 9, 72% for 10; (ii) Pd(PPh3)4, 
dimethoxyethane, 2M aqueous K2CO3 solution, 70 °C, 18 h, 62%; (iii) iodine 
monochloride, CHCl3, r.t, 1 h, 90%; (iv) for 11, Pd(PPh3)4, dimethoxyethane, 
2M aqueous K2CO3 solution, 80 °C, 24 h, 59%; for 12, PdCl2(PPh3)2, 
dimethoxyethane, 2M aqueous Na2CO3 solution, 80 °C, 24 h, 56%. 
 
A subsequent Suzuki-Miyaura coupling of compound 8 with borylated 
compound 3 or 6 gave trimers 11 or 12 in 56 – 59% yields. All precursor 




C NMR spectroscopy, mass 
spectrometry and elemental analyses (Appendix, Figure S8.1S8.40).  
The intramolecular oxidative cyclodehydrogenation of compounds 9 – 
12 was attempted by using anhydrous iron(III) chloride in a mixture of DCM / 
MeNO2 at room temperature (Scheme 8.3). The reaction mixture was bubbled 
with a gentle stream of nitrogen for 2 hours for the removal of gaseous HCl. 
After stirring for 18 hours, methanol was added to stop the reaction and the 
obtained precipitate was filtered, followed by washing with methanol to 
remove excess iron(III) chloride. The cyclodehydrogenation of compound 9 to 
form G-1 was successful as evident from MALDI-TOF analysis, where the 
molecular ion peak (G-1, m/z 962.1) with loss of 8 protons (dimer 9, m/z 970.1) 
was observed (Appendix, Figure S8.42). G-1 exhibits good solubility in 




with hexane/DCM as eluent. The chemical structure of G-1 was characterized 
using NMR, MALDI-TOF, and elemental analyses (Appendix, Figure S8.41 - 
8.42). In order to study the dimer system with catechol groups, oxidative 
cyclodehydrogenation of dimer 10 was also attempted. However, MALDI-
TOF analysis showed that dimer 10 treated with iron(III) chloride had resulted 
in a mixture of by-products with no cyclized products. The side reaction is 
possibly due to having a larger number of activating alkoxy groups on dimer 
10. Further characterization of by-products was not done owing to the tedious 
purifications. 
On the other hand, attempt to cyclodehydrogenate trimer 11 by using 
anhydrous iron(III) chloride had resulted in partially cyclized product as 
shown by MALDI-TOF analysis (Appendix, Figure S8.43). Other attempts to 
cyclodehydrogenate trimer 11 by using excess iron(III) chloride, different 
types of solvents, other Lewis acids such as aluminium(III) chloride, 
molybdenum(III) chloride, or antimony(V) chloride, were unsuccessful and 
gave a complicated mixture of partially cyclized product and unidentified by-
products. It is conceivable that the trimer 11 could undergo skeletal 




Scheme 8.3 Oxidative cyclodehydrogenation of 11-14 to afford G-1 and G-2. 





The trimer 12 substituted with dialkoxy groups was designed to direct 
the intramolecular bond formation and enhance the overall electron-donating 
property of the trimer system for oxidative cyclodehydrogenation. As expected, 
the MALDI-TOF analysis (Appendix, Figure S8.45) showed the presence of 
cyclized product G-2 with a loss of 16 protons (m/z 1952.1) as compared to 
trimer 12 (m/z 1968.5). G-2 is highly soluble in organic solvents and was 
purified by using column chromatography on silica gel with DCM as eluent. 
1
H NMR spectrum of G-2 showed simpler signals in comparison to that of 
compound 12 (Appendix, Figure S8.44).        
 
8.2.2 Photophysical Properties of Molecules 
Absorption and emission spectra of precursor dimer and trimer, 9 and 10 
were recorded in chloroform (Appendix, Figure S8.46). The dimer 9 showed 
absorption maximum and emission maxima at 280 nm and 360 nm, 
respectively. On the other hand, dimer 10 incorporated with dialkoxy groups 
showed red-shifts in absorption and emission maxima to 305 nm and 400 nm, 
respectively, which is attributed to higher HOMO energy level for dimer 10. 
The trimer 11 showed a small red-shift (5 nm) in absorption maximum (λmax = 
285 nm) as compared to the dimer 9 (λmax = 280 nm), indicating no 
conjugation between three terphenyl chains. This is expected because the 
trimer 11 is in twisted and cruciform-type conformation as observed in other 
systems.
23, 24
 Similarly, the trimer 12 exhibited negligible changes in 
absorption maximum (λmax = 304 nm) as compared to dimer 10 (λmax = 305 
nm). 
 
Figure 8.2 Normalized absorption spectra of G-1 (-■-) and G-2 (-●-), and 
normalized emission spectra of G-1 (- -▲- -) and G-2 (- -▼- -) recorded in 
chloroform. 



















































The solution state absorption and emission spectra of G-1 and G-2 were 
recorded in chloroform at room temperature (Figure 8.2). G-1 showed a red-
shift in absorption maximum at 305 nm as compared to that of precursor dimer 
9 (280 nm, Appendix, Figure S8.47) owing to the extended π-conjugation 
induced by planarization. G-1 also showed a red-shift in emission maximum 
from 360 nm to 485 nm upon planarization. The geometry of G-1 was 
optimized by using density functional theory (DFT) at the B3LYP/6-31g (d, p) 
level (Figure 8.3). G-1 has a slightly out-of-plane conformation owing to the 
steric hindrance between alkoxy group and adjacent hydrogen atom on the 
phenyl ring. Similar steric effect had been reported in other polycyclic 
aromatic systems substituted with solubilizing groups.
25
 On the other hand, the 
unsubstituted G-1 exhibits a planar conformation as revealed from DFT 
calculation. This explains the blue-shift in absorption for G-1 as compared to 




Figure 8.3 Geometry optimization of unsubstituted (a and b) and substituted 
(c and d) G-1 by using DFT calculation at the B3LYP/6-31g (d, p) level. 
 
 G-2 showed four absorption peaks at around 368 nm, 385 nm, 472 nm, 
and 500 nm in chloroform, and emission peaks at 508 nm and 545 nm, 
respectively, with significant red-shifts as compared to those of precursor 12 
and target molecule G-1, due to the extended conjugation. Also, G-2 showed a 
red-shift in absorption maximum when compared with alkoxy-substituted 







hexa-peri-hexabenzocoronene (λmax = 380 nm in dichloromethane).
27
 Similar 
to G-1, the steric hindrance between alkoxy groups and aromatic protons 
resulted in a small distortion of the edges on G-2 (Appendix, Figure S8.48). 
The optical band gaps of G-1 and G-2 were estimated to be 2.78 eV and 2.31 
eV, respectively, in thin films (Appendix, Figure S8.47). In comparison, 
Müllen’s group reported GNRs prepared from solution synthesis showed  
absorption up to 670 nm and calculated band gap energy of 1.6 eV,
28,29
 which 
is due to the more extended longtitudial π-conjugation as compared to those of 
G-1 and G-2. Recently, Müllen’s group also reported GNRs with smaller 
optical band gap (1.12 eV) through the lateral extension in π-conjugation.30 It 
is conceivable that the smaller band gaps of GNRs can be derived from 
planarization of oligophenylene precursors with more laterally and 
longitudinally extended backbones. The similar synthesis strategy reported in 
this work can be used to synthesize the mentioned oligophenylene precursors 
in future studies. All photophysical properties of G-1 and G-2 are summarized 
in Table 8.1.    
 
Table 8.1 Summary of photophysical properties of G-1 and G-2.  
 Absorption Emission 























G-1 305 10 350 446 2.78 485 41.5 
G-2  368, 385, 472, 500 27 100 535 2.31 508, 545 54.9 
a ε extinction coefficient was calculated by dividing absorbance with 
concentration (M) and cuvette path length (1 cm). 
b λonset  was calculated from 
the intersection of the tangent lines drawn to the lowest energy absorption 
edge to the baseline in thin film. 
c 
Eg = 1240/ λonset. 
d
 ϕf, fluorescence quantum 
yields were determined in chloroform using fluorescein (0.1 M NaOH, 




8.2.3 Electrochemical Properties of Molecules 
The redox properties of the G-1 and G-2 were evaluated by using cyclic 
voltammetry (CV) in anhydrous dichloromethane (Figure 8.4). The HOMO 
and LUMO energy levels of G-1 and G-2 were estimated by using 
ferrocene/ferrocenium ion (Fc/Fc
+





Figure 8.4 Cyclic voltammograms of G-1 and G-2 with oxidation and 
reduction cycles, measured in a solution of 0.1 M tetrabutylammonium 
hexafluorophosphate in dichloromethane at a scan rate of 100 mV s
-1
 using a 
platinum working electrode, a platinum wire counter electrode, and an 
Ag/AgCl reference electrode at ambient conditions. Eox, onset and Ered, onset were 
estimated from onset potentials of oxidation and reduction peaks (intersection 
of the tangent lines). Inset: cyclic voltammogram of ferrocene recorded under 
same conditions, which was used as internal reference for calculating HOMO 
and LUMO energy levels. 
 
 




























G-1 +1.71 -1.60 +1.41 -1.30 -5.68 -2.97 2.71 






 were determined from the peaks of oxidation and reduction 
waves. 
b
 Eox, onset and Ered, onset were estimated from onset potentials of 
oxidation and reduction peaks.
 c
 Electrochemical HOMO = -(E
ox,calib 
+ 4.8) eV 
and electrochemical LUMO = -(E
red,calib 




were estimated from onset potentials of oxidation and reduction peaks after 
calibration by using the ferrocene/ferocenium ion (Fc/Fc
+
) as the internal 
reference.
d
 Eg electrochemical band gap = LUMO – HOMO. 
 
 G-1 showed a quasi-reversible oxidation at +1.71 V and reduction at -
1.60 V, which correspond to HOMO and LUMO energy levels of -5.68 eV 
and -2.97 eV, respectively. In contrast, G-2 showed a quasi-reversible 
oxidation at +1.13 V and irreversible reduction at -0.99 V, respectively. The 
HOMO and LUMO energy levels of G-2 were estimated to be -5.24 eV and  
































-3.53 eV. The electrochemical band gaps of the molecules are similar to the 
estimated optical band gaps. Such differences are explained based on the 
extended conjugation and presence of electron-donating alkoxy groups on G-2 
as compared to that of G-1. On the other hand, the observed changes in 
LUMO energy level of G-2 indicate stronger affinity to accept electron. 
 
 
Figure 8.5 Optical (A), SEM (B) and TEM (C) images of the G-2 fibers, 
which were obtained by drop-casting the G-2 solution in THF : MeOH (4:1) 
on the substrates. TEM image (D) and the SAED pattern (inset) of the film 
formed by drop-casting the dilute G-2 solution in hexane. 
 
8.2.4 Self-assembly of Molecules 
Self-assembly of G-1 and G-2 were investigated using optical 
microscopy and scanning electron microscopy (SEM). A few drops of G-1 or 
G-2 solutions (0.2 mg/mL) in THF : MeOH (4:1) were dropcasted on a glass 
substrate and the solvent was allowed to evaporate slowly under ambient 
conditions. Both G-1 and G-2 solutions gave fibrous structures with ~ 500 nm 
in diameter and up to few hundred microns in length (Figure 8.5, and 
Appendix, Figure S8.49). The transmission electron microscopy (TEM) image 
of the G-2 fibers revealed an ordered nanofibers with diameter of ~2 nm 
(Figure 8.5C and inset), which is in good agreement to the molecular size of 
G-2 as estimated from DFT calculation (Appendix, Figure S8.48). Many such 















stacked columnar arrays of the G-2 molecules, which had been reported for 
other flat molecules.
32-34
 The dispersion of G-2 nanoribbons in hexane was 
sonicated and deposited on a copper grid for TEM imaging. Unfortunately, the 
high-energy electron beam melted the G-2 nanoribbons. The presence of 
hexagonal patterns was observed from the selected area electron diffraction 
(SAED, Figure 8.5D, inset) with a lattice spacing of 0.43 nm. In addition, A 






In summary, two soluble GNRs molecules (G-1 and G-2) were 
successfully synthesized by oxidative cyclodehydrogenation. The chemical 
structures are crucial in the cyclization step and thus a proper design of the 
molecules with appropriate functional groups is required. G-1 and G-2 
exhibited distorted structures owing to the steric hindrance between alkoxy 
groups and adjacent aromatic protons as revealed from DFT studies. G-1 and 
G-2 also showed red-shifts in both absorption and emission maxima upon 
planarization. The molecules were self-assembled into nanofibers due to 
strong columnar π – π stacking. Such soluble GNRs with tailored band gaps 
are potential materials for the applications in organic devices such as radio 
frequency transistors, infrared radiation photodetector, electrode materials, 
supercapacitor, and sensors. In addition, the high solubility of GNRs allows 
them to be processed and fabricated easily into devices.   
 
8.4 Synthesis of Molecules 
The synthetic procedures, characterizations, and NMR spectra are given 
in the Appendix 8.  
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The principal aim of this thesis is to study the effects of chemical 
structures, conformations and dimensionality on the properties of π-conjugated 
systems. It has been well established that the physical, thermal, optical, 
electrochemical, and electronic properties of the π-conjugated systems are 
highly dependent on their conformations. Moreover, the understanding of the 
conformation-property correlations usually leads to better designs of π-
conjugated systems for targeted applications such as organic electronics, 
optoelectronics, sensors, and optical switch. In this work, the designs, 
syntheses, and purification of multi-dimensional (one-, two-, and high-
dimensional conformations) conjugated architectures are studied in an effort to 
establish a valid structure-property relationships. The potential uses of 
synthesized π-conjugated systems for sensors are investigated.     
In Chapter 1, a brief introduction on different synthetic strategies to 
obtain multi-dimensional π-conjugated systems was given based on the 
previous works. In addition, their conformation-property relationships of a 
series of conjugated molecules and polymers were compared and discussed.  
In Chapter 2, linear BODIPY-based conjugated polymers were 
synthesized and their structure-property relationships were studied. All 
polymers showed absorption maxima in deep-red region (630 nm - 760 nm) in 
solution and exhibited significant red-shifts (up to 70 nm) in thin films. All 
polymers showed selective and reproducible detection of volatile organic 
solvents such as toluene and benzene. 
In order to improve the solvent adsorption property, the hyperbranched 
polymers with high-dimensional porous architecture were synthesized as 
described in Chapter 3. A series of A2B3 and A2B4 type BODIPY-based 
hyperbranched polymers (HP1-HP3) was synthesized. The polymers showed 
red-shifts in absorption maxima (570 nm to 630 nm) in solution state as 
compared to that of BODIPY monomer (540 nm). Among all the polymers 
tested, HP2 showed highest adsorption of benzene and toluene vapors. In 
addition, the hyperbranched polymer HP2 has higher sensitivity for toluene as 




Furthermore, the new synthetic strategies were developed for 
synthesizing other higher-dimensional conjugated systems. In Chapter 4, a 
series of soluble three-dimensional swivel-cruciform oligothiophenes were 
synthesized and characterized. Full characterization of optical and 
electrochemical properties indicated that the extended π-conjugation led to 
red-shifts in absorption maximum (λmax) from 360 nm (SCT-1) to 440 nm 
(SCT-4). Electron deficient Hg(II) cations interacted with electron rich SCT-4 
to form charge-transfer complex which resulted in significant quenching of 
photoluminescence in solution. The multi-dimensional SCTs are studied for 
applications such as OFETs and OSCs in future.   
The properties of the π-conjugated systems are dependent on the rigidity 
of the π-conjugated systems which is induced by the steric hindrance between 
oligothiophene branches. In addition, the π-stacking between the conjugated 
systems is reduced and leads to higher solubility and lesser aggregation. In 
view of these, the steric hindrance between adjacent side groups on the 
polymer is utilized to restrict the random movement of the polymer chains. It 
is also interesting to study the effect of rigidity on the induced chiro-optical 
properties of the polymers. In Chapter 5, another design strategy to restrict the 
free rotation of polymer backbone was studied. A series of rigid poly(p-
phenylene ethynylene)s (PPE1 – PPE4) was prepared from monomers with 
biphenyl- (M1 - M3) and phenyl- (M4) side groups. The solution and solid 
state absorption studies showed that the polymers have adopted twisted and 
rigid conformations, as supported by deep HOMO energy levels (-5.76 to -
5.81 eV). The absorption maxima of PPE1-PPE3 are significantly shifted to 
shorter wavelength (λmax = 375 – 381 nm) as compared to linear poly(p-
phenylene ethynylene)s (λmax = 446 nm), implying a nonplanar conformation. 
The future aim is to develop chiral conjugated polymers with tunable left- or 
right-handed chirality by changing the polymer side groups. In addition, the 
development of synthesis methods that effectively changes the chirality of 
conjugated polymers by changing the polymer conformations is of great 
significance.  
The rigiditiy of conjugated systems is controlled by using side groups 
with different sizes and shapes, and through different positions of the side 




conjugated systems are minimal after polymerization owing to the rigid 
systems in both solution and solid states. Therefore, it is motivated to explore 
different strategies for controlling conformational changes of conjugated 
systems by using external stimuli, such as light. In Chapter 6, a series of 
photochromic dithienylethene incorporated with phenol (DTE1), catechol 
(DTE2), azophenol (DTE3) groups were synthesized. The photophysical, 
photochromic and photoisomerization properties of molecules were studied 
using absorption and emission spectroscopies in different solvents. The cis-
trans photoisomerizations of azophenols in DTE3 compete with 
photocyclization of dithienylethene, resulting in low photoconversion yields in 
DTE3. The thermal isomerization of cis-azophenols were found to be solvent-
dependent. SEM analysis revealed formation of circular nanostructures with 
diameters in the range of 300 – 600 nm from DTE2closed film. The interplay of 
both inter/intramolecular hydrogen bonding and rigidity of the molecular 
structure of closed dithienylethene group had resulted in the transition of self-
assembled needles to circular shaped nanostructures. The control over shape 
and size of self-assembled photochromic system by light stimulus is attractive 
for applications such as molecular pump and delivery systems. 
However, such conjugated small molecules showed weak interaction 
with metal ions and not useful for sensor applications. On the other hand, the 
incorporation of metal ion-responsive groups (such as hydroxyl group) in 
polymer would be useful for sensor application. In Chapter 7, the design 
strategy for synthesizing conjugated polymers that selectively detect metal 
ions was described. A series of conjugated polyphenols incorporated with 
3,4,5-trihydroxybenzene group (P1(OH)n – P3(OH)n) were synthesized by 
using Sonogashira polymerization. P1(OH)n showed a selective detection of 
Zn
2+ 
ions with a red-shift in emission maximum from 475 nm to 535 nm and a 




). The fluorene moiety 
incorporated in P1(OH)n allows a better structural reorganization upon 
complexation with Zn
2+
 ions. However, the chemical structures of polymer 
should be optimized to enhance selectivity and sensitivity for the future 
development of real-time fluorescent sensors for metal ions. 
In contast to one-dimensional and other three-dimensional π-conjugated 




that are useful for many applications. In Chapter 8, the graphene nanoribbons, 
a two-dimensional π-conjugated system was prepared from solution based 
chemical synthesis. The precursor oligophenylene molecules were synthesized 
and subjected to oxidative cyclodehydrogenation to afford target molecules, 
G-1 and G-2. These molecules have good solubility in organic solvents, and 
showed a large red-shift in absorption edge (up to 185 nm) and emission 
maximum (up to 125 nm) after planarization. Fibrous structures were formed 
through self-assembly of molecules via columnar π – π stacking. Such soluble 
GNRs are potential materials for the applications in organic devices. The band 
gaps of GNRs are tuned by varying the chemical structures of oligophenylenes 
that can be applied in optoelectronics such as infrared radiation photodetector. 
In addition, the high solubility of GNRs allows them to be processed and 
fabricated easily into devices.  
 
9.2 Future Studies and Outlooks 
This thesis has reported the studies on the syntheses and structural 
characterization of multi-dimensional π-conjugated small molecules, 
oligomers, and polymers. However, the efforts to obtain π-conjugated systems 
with desired conformations and properties are limited to the synthesis and 
purification steps, which are often challenging and time-consuming. Therefore, 
it is important to develop better and easier synthetic strategies for obtaining 
targeted π-conjugated systems with well-defined properties.  
From the works studied in Chapter 2 and 3, the BODIPY hyperbranched 
polymers are useful for sensing toluene and benzene vapors. Further works 
should be carried out to study the capabilities of polymers to selectively sense 
toluene or benzene from the mixture of organic solvents. In addition, the 
capabilities of polymers to differentiate various aromatic molecules (benzene, 
toluene, xylene, mesitylene, and nitrobenzene) should be studied. Moreover, 
the chemical structures of the hyperbranched polymers should be optimized in 
effort to fulfill the target properties.  
Chapter 4 reported the synthesis and purification of rigid swivel-
cruciform oligothiophenes. Further works need to be carried out to study the 
formation of SCTs cations and dications upon titration with TCNQ at the 




SCTs exhibit isotropic electronic properties, which could be advantageous for 
OSCs and OFETs applications. The effect of oligothiophene lengths from 
SCT-1 to SCT-4 on the device performance should be studied in detailed.  
  Chapter 5 reported the substituent induced structural and property 
changes on the PPE backbone. Further improvements in the chirality of 
polymers should be investigated by using different side groups (such as longer 
and bulkier side groups). The future aim is to develop chiral conjugated 
polymers with tunable left- or right-handed chirality by changing the polymer 
side groups. In addition, the development of synthesis methods that can 
effectively change the chirality of conjugated polymers by changing the 
polymer conformations is of great significance. Such switchable chirality in 
fluorescent conjugated polymers can be used as circularly polarized 
luminescence materials for photoelectric devices. 
Chapter 6 reported the control over shape and size of self-assembled 
dithienylethene DTEs by light stimulus. Further studies are needed to better 
understand the relationship between the morphology and property changes of 
self-assembled systems upon irradiation of light. In addition, the crystal 
structure of the ring-shaped DTE2 needs to be obtained to confirm the self-
assembly process. The rigidity of the DTEs is varied by substituting the 
phenyl group with biphenyl group or more bulky group in attempts to optimize 
the self-assembly processes of DTEs upon irradiation.     
Chapter 7 reported the selective detection of Zn
2+ 
ions with significant 
red-shift in emission maxima of the conjugated polyphenol P1(OH)n. Further 
structural modification (ionic or polar functional groups) should be carried out 
to improve the solubility of polymer in water. This allows an efficient way of 
using such polymer for metal ions sensing without organic solvents. In 
addition, the selectivity and sensitivity of the polymers should be enhanced for 
the development of real-time fluorescent sensors for metal ions. 
Chapter 8 reported the synthesis of two GNRs from planarization of 
oligophenylenes. Such soluble GNRs are potential materials for OFETs or 
energy storage applications. Further studies are needed to synthesize other 
GNRs with smaller band gaps. One way of achieving this is to extend the π-




band gaps of GNRs can also be tuned by attaching the electron-withdrawing 
groups on the oligophenylenes, or known as the push-pull effect.  
In summary, the chemical structures and conformations are crucial for 
deciding the overall properties of the π-conjugated systems. In addition, 
various design strategies for multi-dimensional π-conjugated systems are 
required for different applications. It is believed that the structural variations 
and optimizations in conjugated molecules will continue to provide endless 
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Synthesis of monomer 
 
2,6-Diethynyl BODIPY was synthesized according to a reported procedure 
with few modifications. In an effort to promote good processability of 
polymers in common organic solvents, aryloxy group bearing highly branched 
alkyl chain was introduced at the 8 position of the BODIPY core. The 
condensation of benzaldehydes 1a and 1b with 2,4-dimethylpyrrole catalyzed 
by trifluoroacetic acid to form dipyrromethane, which was then oxidized by 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), followed by BF2-
complexation by reacting with borontrifluoride etherate in the presence of 
N,N-diisopropylethylamine to give BODIPY (2a and 2b) in 62% yield. 
Iodination of BODIPY at 2 and 6 positions was achieved by using a 
combination of iodine and iodic acid in ethanol to afford 2,6-diiodo BODIPY 
(3a and 3b). It was then cross-coupled with trimethylsilylacetylene catalyzed 
by Pd(II) and Cu(I) to afford 2,6-bis(trimethylsilylethynyl) BODIPY (4a and 
4b). Finally, the deprotection of trimethylsilyl (TMS) groups using potassium 
carbonate to yield 2,6-diethynyl BODIPY (5a and 5b). It has been reported 
that diacetylide anions generated during deprotection will replace the fluoride 
atom at the boron centre of BODIPY core. In addition, the fluoride ions 
generated by tetrabutylammonium fluoride (TBAF) in THF will bind to the 
boron center thus breaking the B-N bond. Therefore it is essential to carry out 
the deprotection reaction with TBAF at low temperature (e.g. -78
o
C) to 
minimize formation of side-products and decomposition of BODIPY core. In 
this work, potassium carbonate, a weak base was used to remove the TMS at 
room temperature using MeOH/DCM as solvent. It was found that this 
reaction proceeded efficiently without the need of low temperature and the 
product yield is comparable to the reported method using TBAF in 
deprotection of TMS. 




8-(4-(2-Ethylhexyloxy)-phenyl BODIPY (2a): 4-(2-
ethylhexyloxy)benzaldehyde (2.1 g, 9.0 mmol) and 2,4-dimethylpyrrole (1.71 
g, 18.0 mmol) were dissolved in dichloromethane (500 mL) under nitrogen. 
One drop of trifluoroacetic acid was added via a syringe and the reaction 
mixture was stirred at room temperature overnight under darkness. After 
consumption of 4-(2-ethylhexyloxy) benzaldehyde (monitored by thin layer 
chromatography), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (2.45 g, 10.8 
mmol) was added and the reaction mixture was stirred at room temperature for 
30 minutes. Diisopropylethylamine (10 mL) was added and the reaction 
mixture was stirred at room temperature for 5 minutes. Borontrifluoride 
etherate (10 mL) was added and the reaction mixture was stirred at room 
temperature for another 30 minutes. Solvent was removed under reduced 
pressure and the solid residue was purified on a short silica gel column using 
10% to 15% dichloromethane in hexane as eluent to give a bright orange 
sticky liquid. (2.7 g, yield 67%) 
1
H NMR (300 MHz, CDCl3) δ 7.15 (d, 2H), 
7.00 (d, 2H), 5.97 (s, 2H), 3.89 (d, 2H), 2.55 (s, 6H), 1.76 (m, 1H), 1.60 (s, 
6H), 1.35 -1.25 (m, 8H), 0.95 (m, 6H). 
13
C NMR (126 MHz, CDCl3) δ 160.01, 
155.15, 143.18, 142.08, 131.87, 129.10, 126.73, 121.05, 115.16, 70.86, 39.41, 
30.54, 29.13, 23.87, 23.00, 14.04, 11.12. EI-MS: M
+
 (C27H35BF2N2O) 
Calculated m/z = 452.28, Found m/z = 452.4.  
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8-(4-(2-Decyltetradecyloxy)-phenyl BODIPY (2b): 4-(2-
decyltetradecyloxy)benzaldehyde (3.32 g, 7.2 mmol) and 2,4-dimethylpyrrole 
(1.38 g, 14.5 mmol) were dissolved in dichloromethane (500 mL) under 
nitrogen. One drop of trifluoroacetic acid was added via a syringe and the 
reaction mixture was stirred at room temperature overnight under darkness. 
After consumption of 4-(2-decyltetradecyloxy) benzaldehyde (monitored by 
thin layer chromatography), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.97 
g, 8.7 mmol) was added and the reaction mixture was stirred at room 
temperature for 30 minutes. Diisopropylethylamine (10 mL) was added and 
the reaction mixture was stirred at room temperature for 5 minutes. 
Borontrifluoride etherate (10 mL) was added and the reaction mixture was 
stirred at room temperature for another 30 minutes. Solvent was removed 
under reduced pressure and the solid residue was purified on a short silica gel 
column using 5% ethyl acetate in hexane as eluent to give a bright orange 
sticky liquid. (3.02 g, yield 62%) 
1
H NMR (300 MHz, CDCl3) δ 7.15 (d, 2H), 
7.00 (d, 2H), 5.97 (s, 2H), 3.88 (d, 2H), 2.55 (s, 6H), 1.81 (m, 1H), 1.44 (s, 
6H), 1.26 (m, 40H), 0.88 (t, 6H); 13C NMR (75 MHz, CDCl3) δ 159.97, 
155.17, 143.18, 142.06, 129.08, 126.71, 121.03, 115.16, 71.30, 37.97, 31.91, 
31.36, 30.0, 29.64, 29.35, 26.89, 22.68, 14.58, 14.11. EI-MS: M
+
 
(C43H67BF2N2O) Calculated m/z = 676.53, Found m/z = 676.7 
 
2,6-Diiodo-8-(4-(2-ethylhexyloxy)-phenyl BODIPY (3a): 8-(4-(2-
ethylhexyloxy)-phenyl BODIPY (1.92 g, 4.2 mmol) and iodine (2.6 g, 10.2 
mmol) were dissolved in absolute ethanol (100 mL). Iodic acid (1.50 g, 8.5 
mmol) was dissolved in minimal amount of water and added dropwise to the 
reaction mixture over a 30 minute time interval. The reaction mixture was then 
stirred at room temperature for 4 hours under darkness. The completion of the 
reaction was monitored by TLC. The reaction mixture was poured into a 
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Na2S2O3 aqueous solution and extracted into dichloromethane, which was 
washed with water and brine. The organic layer was dried over anhydrous 
sodium sulfate and concentrated under reduced pressure. The crude product 
was purified on a short silica gel column using 10% chloroform in hexane as 
eluent to give a red solid. (2.16 g, yield 72%). 
1
H NMR (300 MHz, CDCl3) δ 
7.10 (d, 2H), 7.04 (d, 2H), 3.91 (d, 2H), 2.64 (s, 6H), 1.77 (m, 1H), 1.45 (s, 
6H), 1.36 -1.25 (m, 8H), 0.96 (m, 6H).
 13
C NMR (75 MHz, CDCl3) δ 160.41, 
156.48, 145.75, 145.41, 131.76, 129.00, 126.42, 115.47, 85.40, 70.95, 39.39, 
30.53, 29.13, 23.86, 23.02, 17.18, 15.96, 14.07, 11.14. EI-MS: M
+
 
(C27H33BF2I2N2O) Calculated m/z = 704.07, Found m/z = 704.2. 
 
 
2,6-Diiodo-8-(4-(2-decyltetradecyloxy)-phenyl BODIPY (3b): 8-(4-(2-
decyltetradecyloxy)-phenyl BODIPY (2.44 g, 3.6 mmol) and iodine (2.19 g, 
8.6 mmol) were dissolved in absolute ethanol (100 mL) and dichloromethane 
(15 mL) solvent mixture. Iodic acid (1.27 g, 7.2 mmol) was dissolved in 
minimal amount of water and added dropwise to the reaction mixture over a 
30 minute time interval. The reaction mixture was then stirred at room 
temperature for 4 hours under darkness. The completion of the reaction was 
monitored by TLC. The reaction mixture was poured into a Na2S2O3 aqueous 
solution and the crude compound was extracted into dichloromethane, which 
was washed with water and brine. The combined organic layer was dried over 
anhydrous sodium sulfate and concentrated under reduced pressure. The crude 
product was purified on a short silica gel column using 10% chloroform in 
hexane as eluent to give a red solid. (3.30 g, yield 98%). 
1
H NMR (300 MHz, 
CDCl3) δ 7.10 (d, 2H), 7.01 (d, 2H), 3.89 (d, 2H), 2.64 (s, 6H), 1.87 (m, 1H), 
1.45 (s, 6H), 1.27 (m, 40H), 0.88 (t, 6H). 
13
C NMR (126 MHz, CDCl3) δ 
160.36, 156.45, 145.36, 141.77, 131.73, 128.95, 126.32, 115.45, 85.46, 71.35, 
37.92, 31.91, 31.33, 29.99, 29.69, 29.66, 29.64, 29.63, 29.35, 26.88, 22.68, 
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17.17, 15.97, 14.11. MALDI-TOF: (C43H65BF2I2N2O) Calculated m/z = 
928.32, Found m/z = 928.06.  
 
 
2,6-Bis(trimethylsilylethynyl)-8-(4-(2-ethylhexyloxy)-phenyl BODIPY (4a): 
2,6-diiodo-8-(4-(2-ethylhexyloxy)-phenyl BODIPY (0.80 g, 1.1 mmol), 
PdCl2(PPh3)2 (0.04 g, 0.05 mmol) and CuI (0.02 g, 0.09 mmol) were added to 
a 2-neck round bottom flask under nitrogen. A pre-purged THF (20 mL) and 
diisopropylamine (10 mL) solvent mixture with nitrogen was added to the 
flask via a syringe. Ethylnyltrimethylsilane (0.45 g, 4.5 mmol) was added 
dropwise to the reaction mixture under nitrogen. The reaction mixture was 
then carried out at 50 
o
C for 1.5 hr. After cooling the reaction mixture to room 
temperature, the solvent was removed under reduced pressure. The residue 
was purified on a short silica gel column using 10% DCM in hexane as eluent 
to give a dark red solid. (0.72 g, yield 99%).
1
H NMR (300 MHz, CDCl3) δ 
7.08 (d, 2H), 7.02 (d, 2H), 3.89 (d, 2H), 2.62 (s, 6H), 1.75 (m, 1H), 1.51 (s, 
6H), 1.32 - 1.25 (m, 8H), 0.96 (m, 6H), 0.20 (s, 18H).
 13
C NMR (126 MHz, 
CDCl3) δ 160.33, 158.51, 144.99, 143.15, 131.47, 129.00, 126.08, 116.15, 
115.34, 101.58, 97.25, 70.91, 39.41, 30.56, 29.71, 29.15, 23.88, 23.04, 14.09, 
13.61, 13.54, 11.16, 0.10.  EI-MS: M
+
 (C37H51BF2N2OSi2) Calculated m/z = 








BODIPY (4b): 2,6-diiodo-8-(4-(2-decyltetradecyloxy)-phenyl BODIPY (2.90 
g, 3.1 mmol), PdCl2(PPh3)2 (0.10 g, 0.1 mmol) and CuI (0.06 g, 0.3 mmol) 
were added to a 2-neck round bottom flask under nitrogen. A pre-purged THF 
(20 mL) and diisopropylamine (10 mL) solvent mixture with nitrogen was 
added to the flask via a syringe. Ethylnyltrimethylsilane (1.23 g, 12.4 mmol) 
was added dropwise to the reaction mixture under nitrogen. The reaction 
mixture was then carried out at 50 
o
C for 1.5 hr. After cooling the reaction 
mixture to room temperature, the solvent was removed under reduced pressure. 
The residue solid was purified on a short silica gel column using 10% DCM in 
hexane as eluent to give a dark red solid. (2.71 g, yield 99%). 
1
H NMR (300 
MHz, CDCl3) δ 7.10 (d, 2H), 7.00 (d, 2H), 3.88 (d, 2H), 2.62 (s, 6H), 1.81 (m, 
1H), 1.60 (s, 6H), 1.25 (m, 40H), 0.88 (t, 6H), 0.20 (s, 18H). 
13
C NMR (75 
MHz, CDCl3) δ 160.28, 158.47, 144.95, 143.12, 131.43, 128.94, 126.02, 
116.10, 115.30, 101.52, 97.20, 71.31, 37.95, 31.91, 31.35, 30.00, 29.66, 29.35, 
26.89, 22.68, 14.11, 13.60, 13.53, 0.07. MALDI-TOF: (C53H83BF2N2OSi2) 
Calculated m/z = 868.61, Found m/z = 868.28.  
 
2,6-Diethynyl-8-(4-(2-ethylhexyloxy))-phenyl BODIPY (5a): 2,6-
bis(trimethylsilylethynyl)-8-(4-(2-ethylhexyloxy)-phenyl BODIPY (0.72 g, 
1.1 mmol) was dissolved in dichloromethane (40 mL) and methanol (20 mL) 
solvent mixture. Anhydrous potassium carbonate (0.45 g, 3.3 mmol) was 
added into the reaction mixture in one portion and the reaction mixture was 
stirred at room temperature for 6 hour under darkness. Dichloromethane was 
added into the reaction mixture and the resulting mixture was extracted with 
water and brine. The organic layer was dried over anhydrous sodium sulfate 
and concentrated under reduced pressure. The residue liquid was purified on 
silica gel column using 10% dichloromethane in hexane as eluent to give a 
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bright red solid. (0.45 g, yield 81%). 
1
H NMR (300 MHz, CDCl3) δ 7.11 (d, 
2H), 7.04 (d, 2H), 3.91 (d, 2H), 3.31 (s, 2H), 2.64 (s, 6H), 1.77 (m, 1H), 1.53 
(s, 6H), 1.34 -1.25 (m, 8H), 0.96 (m, 6H).
 13
C NMR (126 MHz, CDCl3) δ 
160.39, 158.62, 145.61, 143.58, 131.40, 128.96, 125.92, 115.43, 115.00, 84.00, 
76.03, 70.98, 39.42, 30.55, 29.69, 29.15, 23.89, 23.03, 14.07, 13.49, 11.15. EI-
MS: M
+
 (C31H35BF2N2O) Calculated m/z = 500.28, Found m/z = 500.4. 
 
2,6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (5b): 2,6-
bis(trimethylsilylethynyl)-8-(4-(2-decyltetradecyloxy)-phenyl BODIPY (2.71 
g, 3.1 mmol) was dissolved in dichloromethane (100 mL) and methanol (50 
mL) solvent mixture. Anhydrous potassium carbonate (1.29 g, 9.3 mmol) was 
added into the reaction mixture in one portion and the reaction mixture was 
stirred at room temperature for 6 hour under darkness. Dichloromethane was 
added into the reaction mixture and the resulting mixture was extracted with 
water and brine. The organic layer was dried over anhydrous sodium sulfate 
and concentrated under reduced pressure. The residue liquid was purified on 
silica gel column using 10% dichloromethane in hexane as eluent to give a 
bright red solid. (1.87 g, yield 83%) 
1
H NMR (300 MHz, CDCl3) δ 7.12 (d, 
2H), 7.02 (d, 2H), 3.89 (d, 2H), 3.31 (s, 2H), 2.64 (s, 6H), 1.82 (m, 1H), 1.60 
(s, 6H), 1.26 (m, 40H), 0.88 (t, 6H). 
13
C NMR (75 MHz, CDCl3) δ 160.33, 
158.59, 145.59, 143.60, 131.38, 128.90, 125.85, 115.41, 114.72, 83.98, 75.99, 
71.36, 37.95, 31.92, 31.34, 30.00, 29.69, 29.66, 29.35, 26.89, 22.68, 14.11, 
13.50. EI-MS: M
+
 (C47H67BF2N2O) Calculated m/z = 724.53, Found m/z = 
724.7 
 




anhydrous potassium tert-butoxide (6.00 g, 53.5 mmol) was added into a 2-
neck round bottom flask under argon protection. 2-Thiophenecarbonitrile 
(6.14 g, 56.3 mmol) in t-amyl alcohol (35 mL) was added via a syringe in one 
portion. The reaction mixture was heated to 100 – 110 oC and followed by 
addition of diethyl succinate (4.67g, 26.8 mmol) in t-amyl alcohol (10 mL) 
dropwise over a 30 minute time interval. After addition, the reaction mixture 
was stirred at 110 
o
C overnight. The reaction mixture was cooled to 65
o
C and 
methanol (30 mL) was added slowly and stirred for 5 minute. Glacial acetic 
acid (20 mL) was added and the reaction mixture was stirred for another 20 
minute. After cooling of the reaction mixture to room temperature, it was 
poured into water and the black precipitate was filtered and washed repeatedly 
with water and methanol. The black solid was dried under vaccum and used 
for next step without further purification. (6.3 g, yield 78%) 
 
3,6-Dithiene-2-yl-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione 
(7): 3,6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1.13 g, 
3.7 mmol), 2-decyltetradecyl bromide (3.3 g, 7.9 mmol) and anhydrous 
potassium carbonate (2.6 g, 18.8 mmol) were dissolved in dimethylformamide 
(30 mL) and the reaction mixture was heated to 100 
o
C for 18 hour. After 
cooling of reaction mixture to room temperature, diethyl ether was added and 
the organic layer was washed with water and brine. The organic layer was 
dried over anhydrous sodium sulfate and concentrated under reduced pressure. 
The crude product was purified on silica gel column using 25% 
dichloromethane in hexane as eluent to give a dark purple solid. (1.1 g, 30%). 
1
H NMR (300 MHz, CDCl3) δ 8.88 (d, 2H), 7.61 (d, 2H), 7.25 (dd, 2H), 4.02 
(d, 4H), 1.91 (m, 2H), 1.34 - 1.21 (m, 80H), 0.88 (m, 12H). 
13
C NMR (75 
MHz, CDCl3) δ 161.68, 140.37, 135.22, 130.39, 129.78, 128.33, 107.87, 46.16, 
37.69, 31.90, 31.60, 31.13, 30.89, 29.98, 29.62, 29.52, 29.33, 26.86, 26.16, 












(0.71g, 0.73 mmol) was dissolved in chloroform (60 mL) and the reaction 
mixture was cooled to ice-bath temperature. N-bromo succinimide (0.28 g, 1.5 
mmol) was added slowly and the reaction mixture was stirred at ice-bath 
temperature for another 15 minute. It was allowed to warm up to room 
temperature and stirred for another 19 hour under darkness and nitrogen 
protection. Water was added into the reaction mixture and extracted with 
chloroform. The organic layer was washed with water and brine, dried over 
anhydrous sodium sulfate and concentrated under reduced pressure. The crude 
product was purified on silica gel column using 15% dichloromethane in 
hexane as eluent to give a dark purple solid. (0.83 g, yield 78%). 
1
H NMR 
(300 MHz, CDCl3) δ 8.62 (d, 2H), 7.21 (d, 2H), 3.92 (d, 4H), 1.87 (m, 2H), 
1.29 - 1.21 (m, 80H), 0.86 (m, 12H).
 13
C NMR (75 MHz, CDCl3) δ 161.37, 
139.38, 135.29, 131.41, 131.17, 118.93, 108.01, 46.35, 37.76, 31.92, 31.19, 
29.97, 29.63, 29.55, 29.35, 26.19, 22.68, 14.10. MALDI-TOF: 
(C62H102Br2N2O2S2) Calculated m/z = 1132.57 Found m/z = 1130.77. 
 
 
4,7-Dibromoisobenzofuran-1,3-dione (9): phthalic anhydride (6.00 g, 40.5 
mmol), bromine (7.82 g, 49.0 mmol) and iodine (0.04 g, 0.15mmol) were 
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added into a round bottom flask. Fuming sulfuric acid (20% free SO3, 15 mL), 
was added slowly to the flask and the reaction mixture was heated to 65 
o
C for 
28 hour. The reaction mixture was allowed to cool to room temperature, it was 
then poured into crushed ice followed by addition of Na2S2O3 aqueous 
solution. The precipitate was filtered and washed repeatedly with water. The 
crude product was recrystallized in acetic acid to give a pale-yellow solid. (0.6 
g, yield 5%) 
1
H NMR (300 MHz, CDCl3) δ 7.85 (s, 2H). EI-MS: M
+
 
(C8H2Br2O3) Calculated m/z = 305.84, Found m/z = 305.9 
 
N-(2-Ethylhexyl)-3,6-dibromophthalimide (10): 4,7-dibromoisobenzofuran-
1,3-dione and 2-ethyl-hexylamine were dissolved in glacial acetic acid, heated 
to reflux for 3 hour, cooled to room temperature and excess acetic acid was 
removed under reduced pressure. The crude product was purified on silica gel 
column using 30% dichloromethane in hexane as eluent to give a white solid. 
(0.90 g, yield 92%) 
1
H NMR (300 MHz, CDCl3) δ 7.65 (s, 2H), 3.59 (d, 2H), 
1.83 (m, 1H), 1.31 (m, 8H), 0.92 (t, 6H). 
13
C NMR (75 MHz, CDCl3) δ 165.06, 
139.44, 131.14, 117.44, 42.37, 38.17, 30.48, 28.48, 23.81, 22.89, 14.01, 10.32. 
EI-MS: M
+
 (C16H19Br2NO2) Calculated m/z = 416.98, Found m/z = 417.1 
 
2-Dodecyl-2H-benzo[d][1,2,3]triazole (11): 1,2,3-benzotriazole (14.12 g, 
0.12 mol) anhydrous potassium carbonate (19.65 g, 0.14 mol), and 1-
bromododecane (32.48 g, 0.13 mol) were added into a 2-neck round bottom 
flask under nitrogen. Dimethylformamide (150 mL) was added into the flask 
and the reaction mixture was heated to 100
o
C for 6 hour. After complete 
consumption of 1,2,3-benzotriazole (monitored by TLC), the reaction mixture 
was cooled to room temperature, poured into water and extracted with diethyl 
ether twice. The combined organic layer was washed with water repeatedly. 
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The organic layer was dried over anhydrous sodium sulfate and concentrated 
under reduced pressure. The crude product was purified on silica gel column 
using 20% dichloromethane in hexane as eluent to give a colorless liquid 
(11.14 g, 33%). 
1
H NMR (300 MHz, CDCl3) δ 7.87 (dd, 2H), 7.38 (dd, 2H), 
4.72 (t, 2H), 2.12 (m, 2H), 1.35 (m, 18H) , 0.88 (t, 3H). 
13
C NMR (75 MHz, 
CDCl3) δ 144.20, 126.02, 117.86, 56.56, 31.82, 29.99, 29.52, 29.43, 29.29, 
29.25, 28.95, 26.48, 22.60, 14.03. EI-MS: M
+
 (C18H29N3) Calculated m/z = 
287.24 , Found m/z = 287.3 
 
4,7-Dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole (12): 2-dodecyl-2H-
benzo[d][1,2,3]triazole (10.35 g, 36.0 mmol) was dissolved in HBr (48%, 60 
mL) and the reaction mixture was heated to 100 
o
C for 1 hour. Iodine (0.45 g, 
1.7 mmol) and bromine (23.0 g, 144 mmol) were added into the reaction 
mixture, which was then heated to 110 
o
C for 7 hour. After cooling to room 
temperature, the reaction mixture was extracted with chloroform, washed by 
water, aqueous solution of NaHCO3 and Na2S2O3 and brine. The organic layer 
was dried over anhydrous sodium sulfate and concentrated under reduced 
pressure. The crude product was purified on silica gel column using 30% 
chloroform in hexane as eluent to give white solid. (13.56 g, yield 84%) 
1
H 
NMR (300 MHz, CDCl3) δ 7.44 (s, 2H), 4.77 (t, 2H), 2.14 (m, 2H), 1.24 (m, 
18H), 0.87 (t, 3H). 
13
C NMR (75 MHz, CDCl3) δ 143.68, 129.48, 109.94, 
57.45, 31.87, 30.19, 29.56, 29.45, 29.30, 28.94, 26.46, 22.65, 14.09. EI-MS: 
M
+
 (C18H27Br2N3) Calculated m/z = 445.06, Found m/z = 445.1 
  
 
4,7-Dibromo-2-dodecyl-5,6-dinitro-2H-benzo[d][1,2,3]triazole (13): a 
solution of fuming nitric acid (12 mL) and concentrated sulfuric acid (12 mL) 
was cooled to ice-bath temperature. 4,7-Dibromo-2-dodecyl-2H-
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benzo[d][1,2,3]triazole (2.00 g, 4.5 mmol) was then added slowly to the 
reaction mixture over 15 minute time interval. After addition, the reaction 
mixture was maintained at 4 
o
C to 8 
o
C for 2 hour. The reaction mixture was 
poured into water, extracted with diethyl ether twice. The organic layer was 
combined and washed with water and brine, dried over anhydrous sodium 
sulfate and concentrated under reduced pressure. The crude product was 
purified on silica gel column using 5% ethyl acetate in hexane as eluent to 
give a yellow solid. (1.52 g, yield 63%). 
1
H NMR (300 MHz, CDCl3) δ 4.85 (t, 
2H), 2.18 (m, 2H), 1.38 -1.25 (m, 18H), 0.87 (t, 3H). 
13
C NMR (75 MHz, 
CDCl3) δ 142.99, 141.87, 107.18, 58.70, 31.83, 29.94, 29.52, 29.40, 29.26, 
29.24, 28.80, 26.32, 22.62, 14.06. EI-MS: M
+
 (C18H25Br2N5O4) Calculated m/z 




(14): 4,7-dibromo-2-dodecyl-5,6-dinitro-2H-benzo[d][1,2,3]triazole (1.29 g, 
2.4 mmol) and PdCl2(PPh3)2 (0.08 g, 0.1 mmol) were added into a 2-neck 
round bottom flask under nitrogen. Dry THF (45 mL) was added and followed 
by addition of 2-tributylstannylthiophene (3.61 mL, 9.7 mmol) via a syringe. 
The reaction mixture was heated to reflux for 24 hour. After cooling of the 
reaction mixture to room temperature, the solvent was removed under reduced 
pressure and the residue was purified on short silica gel column using 5% 
dichloromethane in hexane as eluent to give a yellow solid. (1.23 g, yield 
95%). 
1
H NMR (300 MHz, CDCl3) δ 7.67 (d, 2H) , 7.53 (d, 2H), 7.21 (dd, 2H), 
4.81 (t, 2H) 2.17 (m, 1H), 1.41 - 1.25 (m, 18H), 0.87 (t, 3H).
 13
C NMR (75 
MHz, CDCl3) δ 141.62, 139.72, 130.40, 130.36, 129.63, 127.88, 119.48, 58.01, 
31.83, 29.86, 29.52, 29.42, 29.26, 28.81, 26.33, 22.61, 14.06.  EI-MS: M
+
 
(C26H31N5O4S2) Calculated m/z = 541.18, Found m/z = 541.3  
 





[1,2,3]triazolo[4,5-g] quinoxaline (15): 2-dodecyl-5,6-dinitro-4,7-
di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (0.4 g, 0.74 mmol) was dissolved 
in glacial acetic acid (30 mL). Iron powder (0.61 g, 10.9 mmol) was added and 
the reaction mixture was heated to 70 
o
C under nitrogen for 3.5 hour, After 
cooled to room temperature, filtered and the filtrate was added 4,4'-bis(2-
ethylhexyloxy) benzil (0.34 g, 0.74 mmol) under nitrogen. The reaction 
mixture was heated to 80 
o
C for 14 hour under nitrogen. After cooling of 
reaction mixture to room temperature, it was poured into dichloromethane and 
washed with water, aqueous NaHCO3 solution and brine. The organic layer 
was dried over anhydrous sodium sulfate and concentrated under reduced 
pressure. The crude product was purified on silica gel column using 5% ethyl 
acetate in hexane as eluent to give a dark red solid. (0.41 g, yield 60%). 
1
H 
NMR (300 MHz, CD2Cl2) δ 8.96 (d, 2H), 7.76 (d, 4H), 7.61 (d, 2H), 7.28 (dd, 
2H), 6.94 (d, 4H), 4.96 (t, 2H), 3.94 (d, 4H), 2.30 (m, 2H), 1.76 (m, 2H), 1.49 
-1.24 (m, 34H), 0.95 (m, 15H).
 13
C NMR (75 MHz, CD2Cl2) δ 160.72, 151.80, 
142.42, 136.11, 133.49, 132.40, 131.81, 131.19, 130.71, 126.70, 119.19, 
114.34, 70.85, 58.03, 39.70, 32.18, 30.77, 30.33, 29.89, 29.83, 29.72, 29.60, 
29.36, 29.31, 26.91, 24.13, 23.35, 22.95, 14.14, 11.18. MALDI-TOF: 
(C56H73N5O2S2) Calculated m/z = 911.52, Found m/z = 911.34. 






2H [1,2,3]triazolo[4,5-g] quinoxaline (16): 6,7-bis(4-(2-
ethylhexyloxyphenyl)-2-dodecyl-4,9-di(thiophen-2-yl)-2H [1,2,3]triazolo[4,5-
g] quinoxaline (0.27 g, 0.30 mmol) was dissolved in chloroform (50 mL) at 
room temperature. N-Iodosuccinimide (0.17g, 0.75 mmol) was added into the 
reaction mixture and stirred at room temperature for 15 minutes. The reaction 
mixture was heated to 60 
o
C for 20 hour. After cooled to room temperature, 
the reaction mixture was added to aqueous Na2S2O3 solution, washed with 
water and brine. The organic layer was dried over sodium sulfate and 
concentrated under reduced pressure. The crude product was purified on silica 
gel column using 25% dichloromethane in hexane as eluent to give a dark 
solid. (0.23 g, 68%). 
1
H NMR (300 MHz, CD2Cl2) δ 8.55 (d 2H), 7.69 (d, 4H), 
7.37 (d, 2H), 6.98 (d, 4H), 4.81 (t, 2H), 3.96 (d, 4H), 2.20 (m, 2H), 1.78 (m, 
2H),1.38 - 1.24 (m, 34H), 0.97 (m, 15H).
 13
C NMR (75 MHz, CD2Cl2) δ 
160.75, 151.74, 141.91, 141.03, 136.52, 132.72, 132.57, 130.72, 118.10, 
114.17, 105.29, 82.83, 70.92, 60.85, 57.66, 39.77, 32.23, 30.82, 29.95, 29.67, 
29.43, 26.97, 24.16, 23.40, 22.99, 14.22, 11.27. MALDI-TOF: 
(C56H71I2N5O2S2) Calculated m/z = 1163.31, Found m/z = 1163.18. 
 
2,5-Bis(2-thienyl)-3,4-dinitrothiophene (17): 2,5-dibromo-3,4-
dinitrothiophene (0.73 g, 2.2 mmol) and PdCl2(PPh3)2 (0.07 g, 0.10 mmol) 
were added into a 2-neck round bottom flask under nitrogen. Dry THF (30 mL) 
                                                                                       Appendix for Chapter 2 
194 
 
was added and followed by addition of 2-tributylstannylthiophene (2.7 mL, 
8.8 mmol) via a syringe. The reaction mixture was heated to reflux for 10 hour. 
After cooling of the reaction mixture to room temperature, the solvent was 
removed under reduced pressure and the residue solid was purified on silica 
gel column using 10% ethyl acetate in hexane as eluent to give a yellow solid. 
(0.38 g, yield 51%). 
1
H NMR (300 MHz, CDCl3) δ 7.61 (d, 2H), 7.55 (d, 2H), 
7.18 (dd, 2H).
 13
C NMR (126 MHz, CDCl3) δ 135.93, 133.85, 131.26, 131.16, 
128.42, 128.04. EI-MS: M
+
 (C12H6N2O4S3) Calculated m/z = 337.95, Found 
m/z = 338.0 
 
Compound 18: 2,5-bis(2-thienyl)-3,4-dinitrothiophene (0.20 g, 0.60 mmol) 
was dissolved in glacial acetic acid (20 mL). Iron powder (0.61 g, 10.9 mmol) 
was added and the reaction mixture was heated to 70 
o
C under nitrogen for 3 
hour. After cooling of reaction mixture to room temperature, it was filtered to 
remove the excess iron powder and the filtrate was added to 4,4'-bis(2-
ethylhexyloxy) benzil (0.26 g, 0.58 mmol) under nitrogen. The reaction 
mixture was heated to 80 
o
C for 14 hour under nitrogen. After cooling of 
reaction mixture to room temperature, it was poured into dichloromethane and 
washed with water, aqueous NaHCO3 solution and brine. The organic layer 
was dried over anhydrous sodium sulfate and concentrated under reduced 
pressure. The crude product was purified on silica gel column using 5% 
dichloromethane in hexane as eluent to give a dark black solid. (0.25 g, yield 
59%).
 1
H NMR (300 MHz, CD2Cl2) δ 7.65 (d, 2H), 7.56 (d, 4H), 7.41 (d, 2H), 
7.14 (dd, 2H), 6.89 (d, 4H) , 3.88 (d, 4H), 1.74 (m, 2H), 1.49 - 1.25 (m, 16H), 
0.93 (m, 12H). 
13
C NMR (75 MHz, CDCl3) δ 160.30, 152.54, 137.46, 134.86, 
131.44, 127.17, 126.33, 124.28, 124.15, 114.09, 70.56, 39.34, 30.50, 29.07, 
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23.84, 23.03, 14.08, 11.11. MALDI-TOF: (C42H48N2O2S3) Calculated m/z = 
708.29, Found m/z = 707.9. 
 
 
Compound 19: 18 (0.16 g, 0.22 mmol) was dissolved in chloroform (40 mL) 
at room temperature. N-Bromosuccinimide (0.08 g, 0.45 mmol) was added 
into the reaction mixture and stirred at room temperature for 15 minutes. The 
reaction mixture was then heated to 35 
o
C for 20 hour, washed with aqueous 
Na2S2O3 solution, followed by water and brine. The organic layer was dried 
over sodium sulfate and concentrated under reduced pressure. The crude 
product was purified on silica gel column using 5% dichloromethane in 
hexane as eluent to give a dark solid. (0.12 g, 63%).
1
H NMR (300 MHz, 
CD2Cl2) δ 7.56 (d, 4H), 7.32 (d, 2H), 7.11 (d, 2H), 6.94 (d, 4H), 3.95 (d, 4H), 
1.79 (m, 2H), 1.54 -1.30 (m, 16H), 0.98 (m, 12H).
 13
C NMR (75 MHz, CDCl3) 
δ 160.39, 152.68, 137.31, 136.02, 131.47, 131.02, 129.52, 123.37, 114.07, 
77.42, 77.00, 76.58, 70.56, 39.35, 30.51, 29.68, 29.09, 23.84, 23.04, 14.09, 
11.13. MALDI-TOF: (C42H46Br2N2O2S3) Calculated m/z = 866.11, Found m/z 
= 865.7  
 
P1: 2,6-Diiodo-8-(4-(2-decyltetradecyloxy)-phenyl BODIPY (3b) (0.15 g, 
0.16 mmol) and 2,6-diethynyl-8-(4-(2-decyl tetradecyloxy))-phenyl BODIPY 
(5b) (0.12 g, 0.16 mmol) were added to a 2-neck round bottom flask. 
Pd(PPh3)4 (0.009 g, 5% mol) and CuI (0.003 g, 10% mol) were added to the 
flask under nitrogen atmosphere. A degassed mixture of THF (30 mL) and 
diisopropylamine (15 mL) was added via a syringe to dissolve both monomers 
and catalysts. The reaction mixture was heated to 65 
o
C for 24 hour under 
darkness. The purification of polymer was carried out according to the general 
procedure. The chloroform fraction was concentrated under reduced pressure 
and precipitated in methanol to yield a dark black polymer. (0.17g, yield 76%). 




H NMR (300 MHz, CDCl3, 25 °C): δ = 7.10 (br, 2H), 6.99 (br, 2H), 3.87 (br, 
2H), 2.63 (br, 6H), 1.53 -1.27 (br, 47H), 0.88 ppm (br, 6H); IR (KBr): νbar = 
3437, 2926, 2850, 2203, 2147, 1615, 1521, 1473, 1436, 1391, 1363, 1315, 
1248, 1230, 1175, 1093, 1005, 835, 765, 704, 583, 555, 528 cm
-1
; elemental 
analysis calcd (%) for C45H67BF2N2O: C 77.12, H 9.64, N 4.00; found: C 
74.31, H 8.49, N 3.78. GPC (THF, polystyrene standard) = Mn: 75,600 g/mol; 
Mw: 109,560 g/mol; PDI: 1.45 
 
P2: 2,6-Diethynyl-8-(4-(2-ethylhexyloxy))-phenyl BODIPY (5a) (0.10 g, 0.2 
mmol) and compound 8 (0.22 g, 0.2 mmol) were added to a 2-neck round 
bottom flask. Pd(PPh3)4 (0.001 g, 5% mol) and CuI (0.004 g, 10% mol) were 
added to the flask under nitrogen atmosphere. A degassed mixture of THF (40 
mL) and diisopropylamine (20 mL) was added via a syringe to dissolve both 
monomers and catalysts. The reaction mixture was heated to 65 
o
C for 24 hour 
under darkness. The purification of polymer was carried out according to the 
general procedure. The chloroform fraction was concentrated under reduced 
pressure and precipitated in methanol to yield a deep dark-blue polymer. 
(0.22g, yield 78%). 
1
H NMR (300 MHz, CDCl3, 25 °C): δ = 8.84 (br, 2H), 
7.16 (br, 2H), 7.04 (br, 4H), 3.93 (br, 6H), 2.66 (br, 6H), 1.85 -1.21 (br, 97H), 
0.86 ppm (br, 18H); IR (KBr): νbar = 3437, 2926, 2848, 2190, 1668, 1606, 
1526, 1465, 1412, 1364, 1311, 1246, 1214, 1177, 1133, 1088, 1011, 829, 813, 
768, 732, 703, 582, 570, 537 cm
-1
; elemental analysis calcd (%) for 
C93H137BF2N4O3S2: C 75.88, H 9.38, N 3.81, S 4.36; found: C 74.46, H 9.02, 
N 3.64, S 3.73. GPC (THF, polystyrene standard) = Mn: 89,760 g/mol; Mw: 
142,100 g/mol; PDI: 1.58 
 
P3: 2,6-Diethynyl-8-(4-(2-decyl tetradecyloxy))-phenyl BODIPY (5b) (0.10 g, 
0.14 mmol) and N-(2-ethylhexyl)-3,6-dibromophthalimide (10) (0.06g, 0.14 
mmol) were added to a 2-neck round bottom flask. Pd(PPh3)4 (0.008 g, 5% 
mol) and CuI (0.003 g, 10% mol) were added to the flask under nitrogen 
atmosphere. A degassed mixture of THF (30 mL) and diisopropylamine (15 
mL) was added via a syringe to dissolve both monomers and catalysts. The 
reaction mixture was heated to 65 
o
C for 24 hour under darkness. The 
purification of polymer was carried out according to the general procedure. 
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The chloroform fraction was concentrated under reduced pressure and 
precipitated in methanol to yield a dark black polymer. (0.096g, yield 69%). 
1
H NMR (300 MHz, CDCl3, 25 °C): δ = 7.67 (br, 2H), 7.13 (br, 2H), 7.03 (br, 
2H), 3.88 (br, 2H), 3.54 (br, 2H), 2.65 (br, 6H), 1.82 -1.28 (br, 56H), 0.87 - 
0.85 ppm (br, 12H); IR (KBr): νbar = 3451, 2923, 2852, 2206, 2141, 1770, 
1713, 1607, 1521, 1468, 1440, 1398, 1365, 1315, 1281, 1246, 1185, 1083, 
1009, 948, 834, 766, 706, 582, 536 cm
-1
; elemental analysis calcd (%) for 
C63H86BF2N3O3: C 77.04, H 8.83, N 4.28; found: C 70.82, H 8.18, N 3.91. 
GPC (THF, polystyrene standard) = Mn: 58,310 g/mol; Mw: 116,210 g/mol; 
PDI: 1.99. 
 
P4: 2,6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (5b) (0.10g, 
0.14 mmol) and compound 12 (0.065 g, 0.14mmol) were added to a 2-neck 
round bottom flask. Pd(PPh3)4 (0.0084 g, 5% mol) and CuI (0.003 g, 10% mol) 
were added to the flask under nitrogen atmosphere. A degassed mixture of 
THF (30 mL) and diisopropylamine (15 mL) was added via a syringe to 
dissolve both monomers and catalysts. The reaction mixture was heated to 65 
o
C for 24 hour under darkness. The purification of polymer was carried out 
according to the general procedure. The chloroform fraction was concentrated 
under reduced pressure and precipitated in methanol to yield a dark black 
polymer. (0.10 g, yield 68%). 
1
H NMR (300 MHz, CDCl3, 25 °C): δ = 7.64 -
7.46 (br, 2H), 7.14 (br, 2H), 7.03 (br, 2H), 4.68 (d, br, 2H), 3.89 (br, 2H), 2.66 
(br, 6H), 2.10 -1.26 (br, 67H), 0.86 ppm (br, 9H); IR (KBr): νbar = 3439, 2921, 
2849, 2201, 2140, 1608, 1524, 1467, 1390, 1365, 1311, 1246, 1191, 1089, 
1009, 950, 832, 763, 705, 580, 535 cm
-1
; elemental analysis calcd (%) for 
C66H94BF2N5O: C 77.27, H 9.38, N 6.93; found: C 74.52, H 8.90, N 5.51. 
GPC (THF, polystyrene standard) = Mn: 68,120 g/mol; Mw: 123,500 g/mol; 
PDI: 1.81. 
 
P5: 2,6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (5b) (0.066 g, 
0.09 mmol) and compound 16 (0.106 g, 0.09 mmol) were added to a 2-neck 
round bottom flask. Pd(PPh3)4 (0.0053 g, 5% mol) and CuI (0.002 g, 10% mol) 
were added to the flask under nitrogen atmosphere. A degassed mixture of 
THF (30 mL) and diisopropylamine (15 mL) was added via a syringe to 
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dissolve both monomers and catalysts. The reaction mixture was heated to 65 
o
C for 24 hour under darkness. The purification of polymer was carried out 
according to the general procedure. The chloroform fraction was concentrated 
under reduced pressure and precipitated in methanol to yield a dark green 
polymer. (0.13 g, yield 87%). 
1
H NMR (300 MHz, CDCl3, 25 °C): δ = 8.81 (br, 
2H), 7.76 (br, 4H), 7.57 (br, 2H), 7.06 (br, 2H), 6.93 (br, 6H), 4.86 (br, 2H), 
3.92 (br, 6H), 2.78 (br, 6H), 2.22 - 1.27 (br, 85H), 0.95 ppm (br, 21H);  IR 
(KBr): νbar = 3443, 2921, 2851, 2186, 2137, 1606, 1525, 1464, 1426, 1389, 
1366, 1305, 1244, 1176, 1121, 1079, 1009, 981, 828, 804, 766, 729, 703, 675, 
584, 538 cm
-1
; elemental analysis calcd (%) for C103H138BF2N7O3S2: C 75.66, 
H 8.51, N 6.00, S 3.92; found: C 74.73, H 7.83, N 5.56, S 3.54. GPC (THF, 
polystyrene standard) = Mn: 16,860 g/mol; Mw: 25,500 g/mol; PDI: 1.51. 
 
P6: 2,6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (5b) (0.07 g, 
0.09 mmol) and compound 19 (0.08 g, 0.09 mmol) were added to a 2-neck 
round bottom flask. Pd(PPh3)4 (0.005 g, 5% mol) and CuI (0.002 g, 10% mol) 
were added to the flask under nitrogen atmosphere. A degassed mixture of 
THF (30 mL) and diisopropylamine (15 mL) was added via a syringe to 
dissolve both monomers and catalysts. The reaction mixture was heated to 
65
o
C for 24 hour under darkness. The purification of polymer was carried out 
according to the general procedure. The chloroform fraction was concentrated 
under reduced pressure and precipitated in methanol to yield a dark green 
polymer. (0.08 g, yield 69%). 
1
H NMR (300 MHz, CDCl3, 25 °C): δ = 7.48 (br, 
4H), 7.47 (br, 2H), 7.17 (br, 2H), 7.03 (br, 4H), 6.88 (br, 4H), 3.88 (br, 6H), 
2.73 (br, 6H), 1.86 - 1.26 (br, 65H), 0.92 ppm (br, 18H); IR (KBr): νbar = 
3437, 2921, 2851, 2192, 2137, 1606, 1521, 1465, 1389, 1362, 1311, 1246, 
1184, 1080, 1007, 832, 764, 706, 609, 582, 536 cm
-1
; elemental analysis calcd 
(%) for C89H113BF2N4O3S3: C 74.65, H 7.95, N 3.91, S 6.72; found: C 72.82, 
H 7.88, N 3.64, S 5.81. GPC (THF, polystyrene standard) = Mn: 44,060 g/mol; 
Mw: 65,570 g/mol; PDI: 1.49. 
 











C NMR spectrum of 5a in CDCl3. 










C NMR spectrum of 5b in CDCl3. 











C NMR spectrum of 8 in CDCl3. 










C NMR spectrum of 10 in CDCl3. 











C NMR spectrum of 12 in CDCl3. 










C NMR spectrum of 16 in CD2Cl2. 










C NMR spectrum of 19 in CDCl3. 










H NMR spectrum of P2 in CDCl3. 




Figure S2.17.  
1




H NMR spectrum of P4 in CDCl3. 










H NMR spectrum of P6 in CDCl3. 




Figure S2.21. Differential Scanning Calorimetry of P1. 
 
Figure S2.22. Differential Scanning Calorimetry of P2. 
 
Figure S2.23. Differential Scanning Calorimetry of P3. 




Figure S2.24. Differential Scanning Calorimetry of P4. 
 
Figure S2.25. Differential Scanning Calorimetry of P5. 
 
Figure S2.26. Differential Scanning Calorimetry of P6. 
 
 







Figure S2.27. Absorption spectra of polymers in chloroform (-■-), and 
toluene (-●-); solution state photoluminescence spectra of polymers in 
chloroform (--▲--), and toluene (--▼--). 
 






























































































































































































































































































Figure S2.28. FESEM micrographs of the polymers films (P1 – P6) prepared 
by drop casting the chloroform-methanol solution of polymers on a precleaned 
glass substrate. The solvents were allowed to evaporate slowly at room 
temperature. All polymers showed precipitates with random shapes.  
 
2 µm 2 µm
10 µm 2 µm
1 µm 1 µm




Figure S2.29. QCM frequency shifts of (a) P1, (b) P3, (c) P4, and (d) P6 
electrodes upon exposure to different solvent vapors (water, methanol, acetone, 
benzene, and toluene). 
 
 
Figure S2.30. (a) Repeatability test of P1 electrode upon exposure and 
removal of toluene vapors at 25 C, and (b) corresponding repeatability test of 
P6 electrode upon exposure and removal of benzene vapors at 25 C. 
 
 







APPENDIX 3: BODIPY BASED HYPERBRANCHED 
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1. General procedure for Sonogashira polycondensation 
The hyperbranched polymers were synthesized using Sonogashira 
polycondensation reaction in presence of catalytic amounts of 
tetrakis(triphenylphosphine)palladium(0) and CuI. The general synthetic 
procedure is as follows. Mixture of A2 and B3 or B4 monomers with catalytic 
amount of tetrakis(triphenylphosphine)palladium(0) (6 mol %) and CuI (8 
mol %) were dissolved in tetrahydrofuran/diisopropylamine (5 : 1) or 
toluene/triethylamine (4 : 1). All solvents were de-gassed with nitrogen for 20 
minutes prior to heating. The reaction mixture was refluxed under nitrogen for 
24 hours, cooled to room temperature, concentrated under reduced pressure 
and precipitated in excess methanol (30 mL) to yield the crude polymers. The 
crude polymers were purified using Soxhlet extraction with various organic 
solvents. Methanol was used to remove the unreacted monomers and catalyst, 
acetone for the removal of low molecular weight oligomers, and chloroform to 
extract the target polymer. The chloroform fraction was concentrated and 
reprecipitated from methanol to yield the target polymers. 
 
2. Sample preparation for QCM studies 
In this technique, the mas change per unit area was obtained by 
measuring the changes in frequency of a quartz crystal resonator. Note that 
with this technique one can detect a small change in mass. A resonance 
frequency of 9 MHz (AT-cut) was used and the frequency of the modified 
QCM electrode (polymer coated on Au QCM electrode) was recorded upon 
exposure to different solvent vapors at 25 C. Modified QCM electrodes was 
prepared as follows. Polymers (HP1, HP2 and HP3: 2.0 mg each) was 
dispersed in isopropanol (1 mL). The mixtures were then sonicated for 30 min 
in a sonicator bath and 3 mL of this dispersion was drop casted on the QCM 
Au electrodes. The electrode was dried at 60 C in vacuum for 24 hours before 
measurements. The modified QCM electrode was applied to the QCM 
instrument and exposed to the solvent guest molecules in a sealed volume to 
prevent the escape of the vapors during the adsorption measurements. 
Between measurements, the electrode was exposed to air to desorb the solvent 
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vapor. The recovery of the initial frequency value was taken as an indication 
of complete desorption. All the experiments were conducted at 25 °C. 
When the surface of a quartz crystal electrode is coated with polymer, 
mass changes and this change (m in g cm
-2
) can be measured by the oscillating 
frequency of the electrode. The frequency change (Δf) corresponds to the 
sample amount loaded on the QCM electrode can be calculated from 





)𝑚                           (Equation 1) 
where ƒo (Hz) is the natural frequency of the quartz crystal, pQ is the quartz 
density (2.649 g cm
-3








3.Synthesis Procedures and Characterizations 
Tris-(4-iodophenyl)amine: A two necked round bottom flask was equipped 
with triphenylamine (4.90 g, 20 mmol), KI (7.30 g, 44 mmol) and KIO3 (4.70 
g, 22 mmol) were dissolved in glacial acetic acid (20 mL). The mixture was 
refluxed at 110 
o
C for 6 hours, cooled to room temperature and poured into 
cold water (150 mL). The crude precipitate was collected by suction filtration 
and dissolved in dichloromethane (60 mL). The organic layer was washed 
with saturated aqueous NaHCO3 (25 mL), water (25 mL), followed by brine 
solution (10 mL), dried over anhydrous sodium sulfate, filtered, and 
concentrated under reduced pressure. The crude product was recrystallized in 
chloroform-methanol (1:1) mixture to obtain the final product as light grey 
crystals (11.2 g, yield 90 %). 
1
H NMR (300 MHz, CDCl3) δ 7.54 (d, 6H, J = 
8.8 Hz), 6.81 (d, 6H, J = 8.8 Hz). EI-MS (M
+
): (C18H12I3N) Calculated m/z = 
622.8, Found m/z = 623.0. Anal. Calcd. for C18H12I3N: C, 34.70; H, 1.94; N, 
2.25. Found: C, 34.45; H, 1.96; N, 2.18%. 
 
Tris(4-(5-bromo-3-hexylthiophen-2-yl)phenyl)amine (2): A two necked 
round bottom flask was charged with tris(4-iodophenyl)amine (0.20 g, 0.32 
mmol) and 3-hexylthiophene-2-boronic acid pinacol ester (0.31 g, 1.05 mmol). 
To this, tetrakis(triphenylphosphine)palladium(0) (0.02 g, 0.02 mmol) and 
potassium carbonate (0.17 g, 1.28 mmol) were added along with n-butanol-
water (9:1, 50 mL) mixture, heated to 110 
o
C for 4 hours, cooled to room 
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temperature and extracted with dichloromethane (2 x 25 mL). The combined 
organic layers were washed with water (2 x 12 mL), followed by brine 
solution (6 mL), dried over anhydrous sodium sulfate, filtered, and 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to obtain a colorless liquid, which 
was brominated using N-bromosuccinimide (0.17 g, 0.96 mmol) in DMF (25 
mL) for 3 hours at room temperature. The crude product was extracted with 
hexane (3 x 20 mL). The combined organic layers were washed with water (2 
x 10 mL) and brine solution (5 mL), dried over anhydrous sodium sulfate and 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to obtain a colorless liquid (0.20 g, 
yield 65 %). 
1
H NMR (300 MHz, CDCl3) δ 7.28 (d, 6H, J = 8.67 Hz), 7.16 (d, 
6H, J = 8.67 Hz), 6.92 (s, 3H), 2.60 (t, 6H, J = 7.62 Hz), 1.63 – 1.55 (m, 6 H), 
1.33 – 1.23 (m, 18H), 0.87 (t, 9H, J = 5.04 Hz). 13C NMR (75 MHz, CDCl3) δ 
146.54, 139.00, 138.98, 132.12, 130.06, 128.38, 124.04, 109.75, 31.50, 30.73, 
28.95, 28.52, 22.48, 14.00. HRMS (APCl, +ve, (M +H)
+
 ) : (C48H55Br3NS3) 
Calculated m/z = 978.1041, Found m/z = 978.1045. Anal. Calcd. for 
C48H54Br3NS3: C, 58.78; H, 5.55; N, 1.43; S, 9.81. Found: C, 58.65; H, 5.45; 
N, 1.39; S, 9.79%. 
 
HP1: 2, 6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (0.08 g, 
0.11 mmol), 1, 3, 5-tribromobenzene (0.01 g, 0.036 mmol), 
tetrakis(triphenylphosphine)palladium(0)  (7.6 mg, 6 mol %) and CuI (1.7 mg, 
8 mol %) were dissolved in dry THF (25 mL) and diisopropylamine (5 mL). 
The polymerization was carried out and the polymer was purified according to 
the general procedure. The dark blue polymer was obtained after purification 
(0.04 g, yield 49 %). 
1
H NMR (500 MHz, CDCl3) δ 7.68 -7.37 (br, 3H), 7.14 – 
6.99 (br, 12H), 3.89 (br, 6H), 2.67 (br, 18H), 2.03 (br, 3H), 1.83-1.14 (br, 
138H), 0.86 (br, 18H). IR (KBr, cm
-1
): 2921, 2850, 2200, 2138, 1607, 1522, 
1465, 1389, 1363, 1312, 1246, 1185, 1083, 1007, 832, 764, 706, 582, 535. 
Anal. Calcd. (%) for C147H198B3F6N6O3: C 78.69, H 8.90, N 3.75; found: C 
76.82, H 8.18, N 3.95. GPC (THF, polystyrene standard), Mn: 25,300 g/mol; 
Mw: 44,400 g/mol; PDI: 1.75.  
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HP2: 2, 6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (0.09 g, 
0.12 mmol), 2 (0.04 g, 0.04 mmol), tetrakis(triphenylphosphine)palladium(0)  
(8.3 mg, 6 mol %) and CuI (2.0 mg, 8 mol %) were dissolved in toluene (12 
mL) and triethylamine (3 mL). The polymerization was carried out and the 
polymer was purified according to the general procedure. The purple polymer 
was obtained (0.05 g, yield 43 %). 
1
H NMR (500 MHz, CDCl3) δ 7.35 -7.28 
(br, 5H), 7.24 – 7.23 (br, 5H), 7.20 – 7.09 (br, 9H), 7.08 – 6.98 (br, 8H), 3.89 
(br, 6H), 2.71-2.56 (br, 24H), 1.80 (br, 3H), 1.64 – 1.26 (br, 162H), 0.86 (br, 
27H). IR (KBr, cm
-1
): 2921, 2851, 2189, 2107, 1719, 1608, 1528, 1467, 1392, 
1363, 1315, 1246, 1191, 1093, 1011, 888, 831, 801, 764, 706, 679, 583, 536. 
Anal. Calcd. (%) for C189H249B3F6N7O3S3: C 78.02, H 8.63, N 3.37, S 3.31; 
found: C 74.82, H 8.08, N 3.85, S 2.99. GPC (THF, polystyrene standard), Mn: 
10,500 g/mol; Mw: 21,700 g/mol; PDI: 2.07. 
 
HP3: 2, 6-Diethynyl-8-(4-(2-decyltetradecyloxy))-phenyl BODIPY (0.08 g, 
0.11 mmol), 3 (14.0 mg, 0.04 mmol), tetrakis(triphenylphosphine)palladium(0)  
(7.6 mg, 6 mol %) and CuI (1.7 mg, 8 mol %) were dissolved in toluene (12 
mL) and triethylamine (3 mL). The polymerization was carried out and the 
polymer was purified according to the general procedure. The purple polymer 
was obtained (0.042 g, yield 34 %). 
1
H NMR (500 MHz, CDCl3): δ 8.57 (br, 
4H), 8.24 (br, 2H), 7.18 – 6.96 (br, 16H), 3.92 (br, 8H), 2.85 – 2.64 (br, 24H), 
1.83 – 1.26 (br, 188H), 0.85 (br, 24H). IR (KBr, cm-1): 2919, 2851, 2193, 
2103, 1719, 1607, 1528, 1465, 1390, 1365, 1314, 1288, 1246, 1220, 1180, 
1093, 1069, 1005, 831, 764, 705, 583, 535. Anal. Calcd. (%) for 
C204H266B4F8N8O4: C 79.30, H 8.68, N 3.63; found: C 73.94, H 7.99, N 3.54. 






















H NMR spectrum of compound 2 in CDCl3. 
 






C NMR spectrum of compound 2 in CDCl3.  
 
Figure S3.4. High resolution atmospheric-pressure chemical ionization mass 
spectrum of compound 2.  





































H NMR spectrum of HP3 in CDCl3. 
6. BET analysis of HP1-3 
 
 Surface Area (m2/g) Pore Size (nm) 
HP1 362.21 11.03 
HP2 513.67 16.54 
HP3 259.03 12.41 
 
Figure S3.8. Nitrogen sorption isotherms of HP1-3 with adsorption 
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7. Absorption and emission spectra  
 
 
Figure S3.9. Absorption spectrum of compound 2 in THF.  
 
Figure S3.10. Absorption (left) and emission spectra (right) of HP1-HP3 in 
chloroform. 
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8. Optimized molecular geometry of HP2 by DFT 
 
Figure S3.11. The optimized molecular geometry of HP2 by using DFT at 
B3LYP/6-311g (d, p) level. Top view (a) and side view (b) of HP2 model 
molecule, dihedral angles of the tris(4-(5-bromo-3-hexylthiophen-2-
yl)phenyl)amine (c), and dihedral angles of the tris(4-(5-bromo-thiophen-2-
yl)phenyl)amine (d).  
9. SEM images of HP1-HP3 
 
Figure S3.12. SEM micrographs of HP1-3 thin film prepared by drop-casting 
polymer solution in (a) THF, and (b) toluene on a glass substrate. The solvent 
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APPENDIX 4: SYNTHESIS AND STRUCTURE-
PROPERTY INVESTIGATION OF MULTI-ARM 
OLIGOTHIOPHENES 
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Synthesis of materials and sample preparation  
3,3’-Dibromo-2,2’-bithiophene (1): 3-Bromothiophene (10.4 g, 63.8 mmol) 
was dissolved in anhydrous THF (80 mL) under nitrogen atmosphere. The 
reaction mixture was cooled to -78 °C followed by the slow addition of 2M 
lithium diisopropylamide solution (33.6 mL, 67.0 mmol) over 30 minutes. The 
reaction mixture was stirred at -78 ⁰C for an hour. CuCl2 (17.1 g 127.2 mmol) 
was added in one portion and continued to stir for 10 minutes before it was 
allowed to warm up to room temperature. After all starting materials had been 
consumed (monitored by TLC), dilute HCl was added to the reaction mixture, 
and the product was extracted with diethyl ether (2 x 100 mL). The organic 
layer was washed with brine solution and water, dried over anhydrous sodium 
sulfate and concentrated under reduced pressure. The crude product was 
purified on a silica gel column using hexane as eluent to give a pale-yellowish 
liquid (11.8 g, yield 57%). 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.41 (d, 2H, J 
=5.4 Hz), 7.08 (d, 2H, J = 5.4 Hz). 
13
C NMR (75 MHz, CDCl3, δ ppm) 130.75, 
128.83, 127.48, 112.58. MS (EI): M
+ 
(C8H4Br2S2) Calculated m/z =323.8, 
Found m/z = 323.8.  
 
 3,3':2',2'':3'',3'''-Quaterthiophene (2): Compound 1 (3.51 g, 10.8 mmol), 3-
thiophene boronic acid (3.05 g, 23.8 mmol), and Pd(PPh3)4 (0.50 g, 0.4 mmol) 
were dissolved in pre-degassed mixture of THF (20 mL) and 2M aqueous 
K2CO3 (8 mL) solution. The reaction mixture was refluxed for 24 hours, 
cooled, diluted with water (100 mL), and extracted with ethyl acetate (2 x 100 
mL). The combined organic fraction was washed with brine solution and water, 
dried over anhydrous sodium sulfate, and concentrated under reduced pressure. 
The crude product was purified on silica gel column using a mixture of 5% 
ethyl acetate in hexane as eluent to yield a white solid (1.63 g, yield 45%). 
1
H 
NMR (300 MHz, CD2Cl2, δ ppm) 7.48(d, 2H, J = 5.3 Hz), 7.33 (d, 2H, J = 5.3 
Hz), 7.21 (dd, 2H, J = 5.0, 3.0 Hz), 7.09 (dd, 2H, J = 3.0, 1.3 Hz), 7.00 (dd, 2H 
J = 5.0, 1.3 Hz).
 13
C NMR (75 MHz, CDCl3, δ ppm) 136.68, 136.20, 128.95, 
128.54, 127.18, 126.70, 125.19, 122.04. HRMS (EI): M
+ 
(C16H10S4) 
Calculated m/z =329.9665, Found m/z = 329.9665. Anal. Calcd. for C16H10S4: 
C, 58.14; H, 3.05; S, 38.8. Found: C, 58.28; H, 3.03; S, 38.62%.  
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(3): N-Bromosuccinimide (11.4 g, 64 mmol) was added slowly to a solution of 
2 (1.63 g, 4.9 mmol) in CHCl3 (20 mL) and acetic acid (60 mL) at room 
temperature. The reaction mixture was stirred at 80 ⁰C for 4 hours. After 
cooling to room temperature, the reaction mixture was neutralized with 
aqueous NaOH solution and extracted with CHCl3 (2 x 50 mL). The combined 
organic fraction was washed with brine solution and water, dried over 
anhydrous sodium sulfate, and concentrated under reduced pressure. The 
crude solid was purified on a silica gel column using 5% DCM in hexane as 
eluent to yield a pale yellow solid (2.2 g, yield 56%). 
1
H NMR (300 MHz, 
CDCl3, δ ppm) 7.05 (s, 2H), 6.38 (s, 2H).
 13
C NMR (75 MHz, CDCl3, δ ppm) 
135.26, 132.79, 132.38, 130.49, 113.21, 111.64, 109.94, 104.95. HRMS (EI): 
M
+ 
(C16H4Br6S4) Calculated m/z =803.4235, Found m/z = 803.4255. Anal. 
Calcd. for C16H4Br6S4: C, 23.91; H, 0.50; S, 15.95. Found: C, 23.97; H, 0.54; 
S, 15.89%. 
 
SCT-1: Compound 3 (0.22 g, 0.27 mmol) and Pd(PPh3)4 (0.03 g, 0.03 mmol) 
were dissolved in anhydrous THF (12 mL) under nitrogen atmosphere. 2-
(Tributylstannyl)thiophene (1.04 mL, 3.28 mmol) was added via syringe and 
the reaction mixture was stirred under reflux for 38 hours. After cooling to 
room temperature, the reaction mixture was added to chloroform (50 mL), 
washed with 5M HCl (50 mL), water (50 mL), saturated NaHCO3 solution (25 
mL), brine solution, and water. The organic fraction was dried over anhydrous 
sodium sulfate and the excess solvent was removed under reduced pressure. 
The crude solid was purified on a silica gel column using 5% DCM in hexane 
as eluent to give pale-yellow solid (0.17 g, yield 75%). 
1
H NMR (300 MHz, 
CDCl3, δ ppm) 7.19 (dd, 2H, J = 5.1, 1.1 Hz), 7.16 (dd, 2H, J = 5.1, 1.1 Hz), 
7.12 (m, 2H), 7.08 (dd, 2H, J = 3.6, 1.1 Hz), 7.02 (dd, 2H, J =3.7, 0.9 Hz), 
6.99 (dd, 2H, J = 5.1, 3.7 Hz), 6.96 (s, 2H), 6.94 (dd, 2H, J = 5, 3.6 Hz), 6.86 
(s, 2H), 6.85 (d, 2H, J = 1.1 Hz), 6.78 (s, 2H). 
13
C NMR (126 MHz, CDCl3, δ 
ppm) 137.50, 136.87, 136.84, 135.34, 135.32, 134.07, 132.72, 132.57, 131.47, 
127.82, 127.72, 127.11, 126.27, 125.85, 125.82, 125.67, 125.61, 124.64, 
124.31, 123.80, 123.56. HRMS (EI): M
+ 
(C40H22S10) Calculated m/z 
=821.8929, Found m/z = 821.8959. Anal. Calcd. for C40H22S10: C, 58.36; H, 
2.69; S, 38.95 Found: C, 58.48; H, 2.65; S, 38.81%. 
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SCT-2: Compound 3 (0.13 g, 0.16 mmol), 2,2’-bithiophene-5-boronic acid 
pinacol ester (0.48 g, 1.60 mmol) and Pd(PPh3)4 (0.04 g, 0.03 mmol) were 
dissolved in a mixture of THF (8 mL), 2M aqueous K2CO3 solution (2mL) 
under nitrogen atmosphere. The reaction mixture was degassed with nitrogen 
for 10 minutes and stirred under reflux for 38 hours. The work up is same as 
described for SCT-1. The crude solid obtained was washed with acetone to 
remove any unreacted reagents and impurities. The solid was again dissolved 
in chloroform and precipitated repeatedly in MeOH/ 5M HCl (80 : 20) mixture 
to yield a bright orange solid (0.13 g, yield 60%). 
1
H NMR (300 MHz, THF-d8, 
δ ppm) 7.33 (dd, 2H, J = 5.2, 1.1 Hz), 7.30 (dd, 2H, J = 5.2, 1.2 Hz), 7.23 (dd, 
2H, J = 5.1, 1.1 Hz), 7.22 (dd, 2H, J = 3.6, 1.1 Hz), 7.20 (dd, 2H, J = 3.6, 
1.1Hz), 7.18 (s, 2H), 7.11 (dd, 2H, J = 3.6, 1.1 Hz), 7.08 (d, 2H, J = 3.8 Hz), 
7.04 (d, 2H, J = 3.4 Hz), 7.01 - 6.97 (4H), 6.94 (d, 2H, J = 3.8 Hz), 6.92 - 6.87 
(6H), 6.86 (s, 2H), 6.71 (d, 2H, J = 3.8 Hz). 
13
C NMR (126 MHz, THF-d8, δ 
ppm) δ 139.06, 138.93, 137.76, 137.66, 137.63, 137.44, 137.00, 136.40, 
136.14, 136.12, 136.06, 135.14, 134.11, 131.97, 128.52, 128.46, 128.37, 
127.63, 126.57, 126.55, 125.41, 125.32, 125.23, 125.19, 125.02, 125.00, 
124.90, 124.63, 124.48, 124.45, 124.34. MALDI-TOF: (C64H34S16) Calculated 
m/z = 1316.0, Found m/z = 1316.2. Anal. Calcd. for C64H34S16: C, 58.41; H, 
2.60; S, 38.98, Found: C, 58.41; H, 2.50; S, 38.78%. 
 
SCT-3: Compound 3 (0.22 g, 0.27 mmol), 5’-hexyl-2,2’-bithiophene-5-
boronic acid pinacol ester (1.03 g, 2.70 mmol) and Pd(PPh3)4 (0.09 g, 0.08 
mmol) were dissolved in a mixture of THF (8 mL), 2M aqueous K2CO3 
solution (2 mL) under nitrogen atmosphere. The work up is same as described 
for SCT-1. The crude product was purified on a silica gel column using a 
mixture of 5% chloroform in hexane followed by precipitation in MeOH to 
yield an orange solid (0.19 g, yield 38%). 
1
H NMR (300 MHz, CDCl3, δ ppm) 
7.00 (s, 2H), 6.95 (d, 2H, J = 3.5 Hz), 6.94 - 6.92 (m, 4H), 6.89 (d, 2H, J = 3.3 
Hz), 6.83 - 6.78 (m, 6H), 6.76 – 6.74 (m, 2H), 6.71 -6.63 (m, 6H), 6.60 (d, 2H, 
J = 3.5 Hz), 6.54 (d, 2H, J = 3.3 Hz), 2.80 (t, 8H, J = 7.2 Hz), 2.71 (t, 4H, J = 
7.2 Hz), 1.65 (m, 12 H), 1.32 (m, 36 H), 0.91 - 0.89 (m, 18H). 
13
C NMR (126 
MHz, CDCl3, δ ppm) 145.61, 145.38, 145.31, 138.50, 138.20, 137.13, 136.57, 
135.50, 134.93, 134.87, 134.65, 134.52, 134.49, 134.16, 133.38, 132.87, 
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131.18, 131.08, 126.57, 125.52, 125.45, 124.81, 124.75, 124.66, 124.40, 
124.01, 123.51, 123.48, 123.40, 123.37, 123.26, 123.19, 31.58, 31.56, 31.48, 
30.23, 30.20, 30.16, 29.69, 28.84, 28.82, 28.76, 22.59, 22.56, 14.08, 14.06. 
MALDI-TOF: (C100H106S16) Calculated m/z = 1820.4, Found m/z = 1820.9. 
Anal. Calcd. for C100H106S16: C, 65.96; H, 5.87; S, 28.17, Found: C, 65.69; H, 
6.00; S, 28.05%. 
 
SCT-4: Compound 3 (0.16 g, 0.2 mmol), and Pd(PPh3)4 (0.03 g, 0.03 mmol) 
were dissolved in anhydrous THF (12 mL) under nitrogen atmosphere. 5-
(Tributylstannyl)-5''-hexyl-2,2':5',2''-terthiophene (1.00 g, 1.6 mmol) was 
added via the syringe and the reaction mixture was stirred under reflux for 48 
hours. The work up is same as described for SCT-1. The crude solid was 
washed with acetone to remove any unreacted reagents and impurities. The 
solid was dissolved in chloroform and precipitated from MeOH/ 5M HCl (80 : 
20) mixture to yield an orange solid (0.22 g, yield 47%). Due to the poor 





H NMR (300 MHz, THF-d8, δ ppm) 7.25 -7.12 (m, 5H), 7.11 
– 6.76 (m, 26 H), 6.75 – 6.50 (m, 9H), 2.78 (m, 12H), 1.63 (m, 12 H), 1.32 (m, 
36H), 0.90 (m, 18H). MALDI-TOF: (C124H118S22) Calculated m/z = 2312.3, 
Found m/z = 2312.8. Anal. Calcd. for C124H118S22: C, 64.37; H, 5.14; S, 30.49, 
Found: C, 64.14; H, 5.18; S, 30.21%. 
 
Preparation of SCTs stock solutions 
Dilute solutions of SCTs were prepared by dissolving appropriate amounts of 
SCTs in HPLC grade THF. The solution was sonicated for 30 minutes to 
make sure all solids were fully dissolved and used for further studies. The 
concentrations for SCT-1, SCT-2, SCT-3 and SCT-4 were 1.3 x 10
-4
 M, 6.0 x 
10
-5
 M, 4.0 x 10
-5
 M, and 2.6 x10
-5
 M, respectively.  
 
Sample preparations for morphology studies of SCTs 
Appropriate amount of stock solution of SCTs (100 µL) was taken and diluted 
to 1.0 mL with THF, which was added slowly to 1.0 mL of H2O in a glass vial 
with screw cap. The above solution was left at room temperature for two days. 
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The resulting solid was transferred to a glass substrate and dried under 
ambient condition before examination by FESEM.      
 
Sample preparations for photophysical studies of SCTs/Hg(II) 
To SCTs solution (200 µL), appropriate amount of mercury(II) acetate 
dissolved in deionized water was added, and the resulting solution was diluted 
with THF to make up a total volume of 1.0 mL prior to spectroscopic studies. 
For example, 200 µL of the SCT-4 was added with 20 µL of mercury(II) 
acetate in deionized water (0.05 M), and the solution was diluted with THF to 
a final volume of 1.0 mL.  
 
Sample preparations for photophysical studies of SCTs/TCNQ 
Stock solution (6.0 x 10
-5
 M) of TCNQ was prepared in THF and appropriate 
volume (300 µL) of solution was mixed with desired amount of SCTs and 











H NMR spectrum of compound 1 in CDCl3. 










H NMR spectrum of compound 2 in CD2Cl2. 
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 Figure S4.4. 
13




H NMR spectrum of compound 3 in CDCl3.  











H NMR spectrum of SCT-1 in CDCl3.   
 










H NMR spectrum of SCT-2 in THF-d8.    






C NMR spectrum of SCT-2 in THF-d8.    
 
 
 Figure S4.11. 
1
H NMR spectrum of SCT-3 in CDCl3.   











H NMR spectrum of SCT-4 in THF-d8.   
 
 




Figure S4.14. High resolution EI-MS spectrum of compound 3. 
 
 
Figure S4.15. High resolution EI-MS spectrum of SCT-1. 
 




Figure S4.16. MALDI-TOF spectrum of SCT-2. 




Figure S4.17. MALDI-TOF spectrum of SCT-3. 
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2.DSC results   
 
 
Figure S4.19. DSC curves of (a) SCT-1 recorded at heating rate of 5 °C min
-1
; 
(b) SCT-2 (first heating, 10 °C min
-1
) and (c) SCT-2 (second heating and 

















































































Figure S4.20. DSC curves of SCT-3 for (a) first heating and (b) second 
heating; (c) SCT-4 recorded at heating rate of 5 °C min
-1
 under nitrogen 
atmosphere.   
 
 
3. Optimized structures and frontier orbital plots of SCTs from DFT 




Figure S4.21. Optimized structure of 3 obtained from DFT calculation at 









































































Figure S4.22. Optimized structure of SCT-1 obtained from DFT calculation at 
B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity. 
 
Figure S4.23. Optimized structure of SCT-2 obtained from DFT calculation at 




Figure S4.24. Optimized structure of SCT-3 obtained from DFT calculation at 





Figure S4.25. Optimized structure of SCT-4 obtained from DFT calculation at 
B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity.   




Figure S4.26. Frontier orbitals of compound 3 obtained from DFT calculation 
at B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity. 
 
Figure S4.27. Frontier orbitals of SCT-1 obtained from DFT calculation at 
B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity. 
 




Figure S4.28. Frontier orbitals of SCT-2 obtained from DFT calculation at 
B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity. 
 
Figure S4.29. Frontier orbitals of SCT-3 obtained from DFT calculation at 
B3LYP/6-31G (d) level with omitted hydrogen atoms for better clarity. 
 
Figure S4.30. Frontier orbitals of SCT-4 obtained from DFT calculation at 
B3LYP/6-31G(d) level with omitted hydrogen atoms for better clarity. 




Figure S4.31. Absorption spectra of SCT-1 (a), SCT-2 (b), SCT-3 (c), and 
SCT-4 (d) before light irradiation (-■-), 6 hours (-●-), 12 hours (-▲-), and 24 
hours (-▼-) after light irradiation in dilute THF.  
 
Figure S4.32. Emission spectra of SCT-1 (a), SCT-2 (b), SCT-3 (c), and 
SCT-4 (d) before light irradiation (-■-), 6 hours (-●-), 12 hours (-▲-), and 24 
hours (-▼-) after light irradiation in dilute THF.  
 



































































































































































Figure S4.33. Absorption spectra of SCT-1 (a), SCT-2 (b), SCT-3 (c), and 
SCT-4 (d) thin films before light irradiation (-■-), 12 hours (-●-), and 24 
hours (-▲-) after light irradiation. The SCTs thin films were prepared by spin 
casting the SCTs solution in THF at room temperature.  
 
Figure S4.34. Emission spectra of SCT-1 (a), SCT-2 (b), SCT-3 (c), and 
SCT-4 (d) thin films before light irradiation (-■-), 12 hours (-●-), and 24 
hours (-▲-) after light irradiation. The SCTs thin films were prepared by spin 
casting the SCTs solution in THF at room temperature.  
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4. Absorption and emission spectra of SCTs in presence of Pb(II) and 
Cd(II) ions.  
 
Figure S4.35. Absorption and emission spectra of SCT-1 (a, b), SCT-2 (c, d), 
SCT-3 (e, f) and SCT-4 (g, h) in presence of Pb(II) and Cd(II) ions; SCTs in 
THF (-■-), in presence of 1 x 10-3 M Pb(NO3)2 aqueous solution (-●-), and in 
presence of 1 x 10
-3
 M Cd(CH3CO2)2 aqueous solution (-▲-). The absorption 
spectra of 1 x 10
-3
 M Cd(CH3CO2)2 in THF was shown (-▼-). The 
concentrations of SCT-1, SCT-2, SCT-3, and SCT-4 are 1.5 x 10
-5
 M, 3.4 x 
10
-6
 M, 2.4 x 10
-6
 M, and 4.7 x 10
-6
 M, respectively.  
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5. Absorption spectra of SCT-4 at pH 1 - 6 
 
Figure S4.36. Uv-visible absorption of SCT-4 at different acidic pH (pH 1 – 6) 
in THF and appropriate amounts of dilute HCl was added to get the desired pH.  
 
6. SEM micrographs on SCT/Hg(II) and SCT/TCNQ complexes 
 
Figure S4.37. SEM micrograph on the Hg(II)-SCTs precipitate by 
dropcasting on the glass substrate and dried under ambient condition before 
examination by FESEM. 




Figure S4.38. Field emission SEM micrographs (a) SCT-1, (b) SCT-2, (c) 
SCT-3 and (d) SCT-4 with TCNQ; inset: magnified image on the SCT-
4/TCNQ needle. The samples were prepared by dropcasting SCTs-TCNQ in 
THF on glass substrate and dried at ambient temperature prior to FESEM 
examination. 
 
7. Theoretical calculations on HOMO energy levels of SCTs. 
Table S4.1. Summary of electrochemical properties and  of SCT-1, SCT-2, 






















SCT-1 -5.28 -2.55 -5.05 -1.80 3.25 
SCT-2 -5.26 -2.78 -4.83 -2.07 2.76 
SCT-3 -5.22 -2.77 -4.64 -1.91 2.74 
SCT-4 -5.07 -2.75 -4.65 -2.13 2.52 
a
 Electrochemical HOMO = -(E
ox 
+4.8) eV, where E
ox 
were 
determined from the onset potentials of first oxidation peak 
calibrated with ferrocene/ferocenium ion redox couple in 
thin film. 
b
 LUMO = HOMO + optical band gap. 
c
 
Theoretical calculations using DFT. 
 
10 µm 10 µm
5 µm 5 µm
100 nm
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SYNTHESIS, CHARACTERIZATION AND 
STRUCTURE-PROPERTY INVESTIGATION OF 
CONFORMATIONALLY RIGID REGIOISOMERS 
OF POLY(P-PHENYLENE ETHYNYLENE)S 
  




Synthetic Procedures  






A solution of 2,5-dibromoaniline (2.76 g, 11.0 mmol) in 37% HCl and water 
(22 + 22 mL) was stirred at 80 
o
C for 30 minutes. After cooling to room 
temperature, the reaction mixture was cooled further to 0 
o
C and followed by 
slow addition of NaNO2 (0.83 g, 12.0 mmol). This reaction mixture was 
stirred continuously for 30 minutes at 0 
o
C. A solution of KI in water (2.00 g 
in 12 mL, 12.0 mmol) was added dropwise to the reaction mixture at 0 
o
C. The 
reaction mixture was allowed to warm up to room temperature and stirred for 
another 12 hours. The reaction mixture was extracted with chloroform (100 
mL x 2). The combined organic layers were washed by water (80 mL) and 
brine solution, dried over anhydrous sodium sulfate and concentrated under 
reduced pressure. The crude product was purified on a silica gel column using 
hexane as eluent to give a white solid. (3.20 g, yield 80%) 
1
H NMR (300 MHz, 
CDCl3) δ 7.99 (d, 1H, J = 2.26 Hz), 7.47 (d, 1H, J = 8.51 Hz), 7.32 (dd, 1H, J 





A stirred solution of 1,4-dibromobenzene (3.00 g, 12.7 mmol) in concentrated 
sulphuric acid (70 mL) was heated to 70 
o
C, followed by addition of iodine 
(10.3 g, 40.6 mmol) in one portion. The reaction mixture was heated to 135 
o
C 




for 48 hours. After cooling to room temperature, the reaction mixture was 
added slowly to ice/water and the precipitates was filtered. The crude solid 
was redissolved in chloroform and the organic layer was washed by aqueous 
Na2S2O3, water and brine. After solvent removal, the crude solid was 
recrystallized in DCM/MeOH to afford a white solid. (1.34 g, yield 21%) 
1
H 
NMR (300 MHz, CDCl3) δ 8.05 (s, 2H).   
 




A stirred solution of 4-iodophenol (2.56 g, 11.6 mmol), 2-ethylhexyl 
bromide (2.70 g, 14.0 mmol) and potassium carbonate (3.30 g, 23.9 mmol) in 
DMF (80 mL) were added and heated to 90 °C for 18 hours. The reaction 
mixture was cooled, diluted with water (50 mL) and extracted with diethyl 
ether (2 x 100 mL). The combined organic fractions were washed with water 
(2 x 50 mL), followed by brine solution and water, dried over anhydrous 
sodium sulfate, filtered and organic filtrate was concentrated under reduced 
pressure. The crude liquid was purified on a silica gel column using a mixture 
of 5 % ethyl acetate in hexane as eluent to afford a colorless liquid. (2.78 g, 
yield 72 %) 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.54 (d, 2H, J = 6.81 Hz), 
6.67 (d, 2H, J = 6.81 Hz), 3.79 (d, 2H, J = 5.71 Hz), 1.70 (m, 1H), 1.51-1.28 
(m, 8H), 0.94-0.88 (m, 6H). 
13
C NMR (75 MHz, CDCl3, δ ppm) 159.26, 
138.10, 116.96, 82.26, 70.61, 39.27, 30.46, 29.03, 23.80, 23.01, 14.05, 11.06. 
MS (EI): M
+ 
(C14H21IO) Calculated m/z =332.0, Found m/z = 332.1. 
 
4-Bromo-4'-(2-ethylhexyloxy)biphenyl (4a) 
Compound 3a (1.70 g, 5.11 mmol), 4-bromophenylboronic acid (1.24 g, 
5.60 mmol) and PdCl2(PPh3)2 (0.18 g, 0.25 mmol) were added to a pre-
degassed solution of THF/ethanol/2M aqueous K2CO3 solution (12 + 3 + 10 
mL) under nitrogen atmosphere. The reaction mixture was heated to reflux for 
20 hours, cooled, concentrated, diluted with water (25 mL) and extracted with 
ethyl acetate (2 x 50 mL). The combined organic fractions were washed with 
water (2 x 15 mL), followed by brine solution and water, dried over anhydrous 
sodium sulfate, filtered and organic filtrate was concentrated under reduced 
pressure. The crude product was purified on silica gel column using a mixture 




of 5% ethyl acetate in hexane as eluent to afford a colorless liquid. (1.16 g, 
yield 63%) 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.52 (d, 2H, J = 8.68 Hz), 
7.47 (d, 2H, J = 8.85 Hz), 7.40 (d, 2H, J = 8.68 Hz), 6.96 (d, 2H, J = 8.85 Hz), 
3.88 (d, 2H, J = 5.78 Hz), 1.75 (m ,1H), 1.50-1.30 (m, 8H), 0.96-0.85 (m, 6H). 
13
C NMR (75 MHz, CDCl3, δ ppm) 159.25, 139.84, 132.16, 131.75, 128.26, 
127.89, 120.67, 114.90, 70.59, 39.37, 30.52, 29.69, 29.07, 23.85, 23.05, 14.08, 
11.10. HR-MS (EI): M
+ 
(C20H25BrO) Calculated m/z =360.1083, Found m/z = 





Compound 4a (1.56 g, 4.31 mmol), bis(pinacolato)diboron (3.30 g, 
13.00 mmol), Pd(dppf)Cl2 (0.15 g, 0.18 mmol) and KOAc (2.55 g, 25.96 
mmol) were added to a round bottom flask under nitrogen atmosphere. 1, 4-
Dioxane (35 mL) was added to the mixture via syringe and stirred at 80 °C for 
20 hours, cooled, concentrated, diluted with water (25 mL) and extracted with 
ethyl acetate (2 x 50 mL). The combined organic fractions were washed with 
water (2 x 20 mL), followed by brine solution and water, dried over anhydrous 
sodium sulfate, filtered and organic filtrate was concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
mixture of 5% ethyl acetate in hexane as eluent to afford a colorless sticky 
liquid. (1.29 g, yield 73%) 
1
H NMR (500 MHz, CDCl3, δ ppm) 7.85 (d, 2H, J 
= 8.20 Hz), 7.57 (d, 2H, J = 8.21 Hz), 7.54 (d, 2H, J = 8.77 Hz), 6.97 (d, 2H, J 
= 8.77 Hz), 3.89 (d, 2H, J = 5.64 Hz), 1,75 (m, 1H), 1.51-1.26 (m, 8H), 1.36 (s, 
12H), 0.96-0.90 (m, 6H). 
13
C NMR (75 MHz, CDCl3, δ ppm) 159.19, 143.51, 
135.16, 133.11, 128.09, 125.87, 114.74, 83.66, 70.52, 39.33, 30.47, 29.01, 
24.80, 23.81, 22.98, 14.00, 11.04. HR-MS (EI): M
+ 
(C26H37BO3) Calculated 
m/z =408.2830, Found m/z = 408.2836. Anal. Calcd. for C26H37BO3: C, 76.47; 
H, 9.13. Found: C, 75.99; H, 9.03%. 
 
1-[(S)-3,7-Dimethyl-oct-6-enyloxy]-4-iodobenzene (3b) 
A stirred solution of 4-iodophenol (4.86 g, 22.1 mmol), (S)-(+)-
citronellyl bromide (5.80 g, 26.5 mmol) and potassium carbonate (6.10 g, 44.1 




mmol) in DMF (40 mL) was heated to 90 °C for 18 hours, cooled, 
concentrated, diluted with water (50 mL) and extracted with diethyl ether (50 
mL x 2). The combined organic fractions were washed with water (20 mL x 2), 
followed by brine solution and water, dried over anhydrous sodium sulfate, 
filtered and organic filtrate was concentrated under reduced pressure. The 
crude liquid was purified on a silica gel column using a mixture of 5% ethyl 
acetate in hexane as eluent to give a colorless liquid. (5.89 g, yield 74%) 
1
H 
NMR (300 MHz, CDCl3, δ ppm) 7.53 (d, 2H, J = 8.99 Hz), 6.68 (d, 2H, J = 
8.99 Hz), 5.10 (t, 1H, J = 7.11 Hz), 3.94 (t, 2H, J = 6.81 Hz), 2.03 (m, 2H), 
1.81 (m, 1H), 1.69 (s, 3H), 1.68-1.65 (m, 1H), 1.60 (s, 3H), 1.37 (m, 1H), 1.23 
(m, 2H), 0.95 (d, 3H, J = 6.46 Hz). 
13
C NMR (75 MHz, CDCl3, δ ppm) 158.97, 
138.11, 131.31, 124.58, 116.92, 82.37, 66.38, 37.07, 35.96, 29.46, 25.69, 
25.41, 19.50, 17.64. HR-MS (EI): M
+ 
(C16H23IO) Calculated m/z =358.0794, 
Found m/z = 358.0788. Anal. Calcd. for C16H23IO: C, 53.64; H, 6.47. Found: 
C, 53.73; H, 6.41%. 
 
4-Bromo-4'-[(S)-3,7-dimethyl-oct-6-enyloxy]biphenyl (4b) 
Compound 3b (3.84 g, 10.72 mmol), 4-bromophenylboronic acid (2.80 g, 
13.94 mmol) and PdCl2(PPh3)2 (0.49 g, 0.70 mmol) were added to a pre-
degassed solution of THF/ethanol/2M aqueous K2CO3 solution (20 + 5 + 15 
mL) under nitrogen atmosphere. The reaction mixture was refluxed for 20 
hours, cooled, concentrated, diluted with water (25 mL) and extracted with 
ethyl acetate (50 mL x 2). The combined organic fractions were washed with 
water (50 mL), followed by brine solution and water, dried over anhydrous 
sodium sulfate, filtered and organic filtrate was concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
mixture of 5% ethyl acetate in hexane as eluent to afford a white solid. (2.11 g, 
yield 51%) 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.53 (d, 2H, J = 8.62 Hz), 
7.48 (d, 2H, J = 8.81 Hz), 7.42 (d, 2H, J = 8.62 Hz), 6.97 (d, 2H, J = 8.81 Hz), 
5.12 (t, 1H, J =7.1 Hz), 4.03 (t, 2H, J = 6.83 Hz), 2.03 (m, 2H), 1.85 (m, 1H), 
1.70 (s, 3H), 1.65 (m, 1H), 1.62 (s, 3H), 1.40 (m, 1H), 1.26 (m, 2H), 0.98 (d, 
3H, J = 6.45 Hz). 
13
C NMR (75 MHz, CDCl3, δ ppm) 158.98, 139.81, 132.26, 
131.75, 131.30, 128.25, 127.91, 124.65, 120.69, 114.91, 66.41, 37.12, 36.12, 
29.55, 25.69, 25.45, 19.55, 17.65. HR-MS (EI): M
+ 
(C22H27BrO) Calculated 




m/z =386.1245, Found m/z = 386.1244. Anal. Calcd. for C22H27BrO: C, 68.22; 




Compound 4b (1.33 g, 3.43 mmol), bis(pinacolato)diboron (3.50 g, 
13.78 mmol), Pd(dppf)Cl2 (0.17 g, 0.21 mmol) and KOAc (2.00 g, 20.37 
mmol) were added to a round bottom flask under nitrogen atmosphere. 1,4-
Dioxane (12 mL) was added via syringe and the reaction mixture was stirred 
at 80 °C for 20 hours. The reaction mixture was cooled, concentrated, diluted 
with water (50 mL) and extracted with ethyl acetate (50 mL x 2). The 
combined organic layers were washed with water twice (25 mL x 2), followed 
by brine solution and water, dried over anhydrous sodium sulfate, filtered and 
organic filtrate was concentrated under reduced pressure. The crude product 
was purified on a silica gel column using a mixture of 5% ethyl acetate in 
hexane as eluent to afford a pale-yellowish sticky liquid. (0.98 g, yield 66%) 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.86 (d, 2H, J = 8.28 Hz), 7.56 (d, 2H, J = 
8.28 Hz), 7.55 (d, 2H, J =8.83 Hz), 6.97 (d, 2H, J = 8.83 Hz), 5.12 (t, 1H, J = 
7.11 Hz), 4.03 (t, 2H, J = 6.83 Hz), 2.00 (m, 2H), 1.85 (m, 1H), 1.69 (s, 3H), 
1.65 (m, 1H), 1.61 (s, 3H), 1.42 (m, 1H), 1.35 (s, 12H), 1.26 (m, 2H), 0.97 (d, 
3H, J = 6.45 Hz). 
13
C NMR (75 MHz, CDCl3, δ ppm) 158.96, 143.53, 135.22, 
133.26, 131.28, 128.18, 125.93, 124.66, 114.80, 83.73, 66.36, 37.12, 36.13, 
29.53, 25.70, 25.45, 24.85, 19.55, 17.65. HR-MS (EI): M
+ 
(C28H39BO3) 
Calculated m/z =434.2992, Found m/z = 434.3006. Anal. Calcd. for 





A stirred solution of 4-iodophenol (1.32 g, 6.0 mmol), 1-bromooctane 
(1.61 g, 8.3 mmol) and potassium carbonate (1.65 g, 11.9 mmol) in DMF (15 
mL) was heated to 90 °C for 18 hours. The reaction mixture was cooled, 
concentrated, diluted with water (25 mL), and extracted with diethyl ether (30 
mL x 2). The combined organic layers were washed with water (20 mL x 2), 
followed by brine solution and water, dried over anhydrous sodium sulfate, 
filtered, and organic filtrate was concentrated under reduced pressure. The 




crude liquid was purified on a silica gel column using hexane as eluent to 
afford a colorless liquid. (1.45 g, yield 73%) 
1
H NMR (300 MHz, CDCl3) δ 
7.54 (d, 2H, J = 9.00 Hz), 6.66 (d, 2H, J = 9.00 Hz), 3.91 (t, 2H, J = 6.58 Hz), 
1.74 (m, 2H), 1.43 (m, 2H), 1.30 (m, 8H), 0.89 (t, 3H, J = 6.80 Hz).  
 
2-(4-Octyloxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (7) 
Compound 6 (0.89 g, 2.68 mmol), bis(pinacolato)diboron (1.02 g, 4.00 
mmol), Pd(dppf)Cl2 (0.10 g, 0.12 mmol) and KOAc (1.57 g, 15.99 mmol) 
were added to a round bottom flask under nitrogen atmosphere. 1,4-Dioxane 
(20 mL) was added via syringe and the reaction mixture was stirred at 80 °C 
for 20 hours. The reaction mixture was cooled, concentrated, diluted with 
water (15 mL) and extracted with ethyl acetate (25 mL x 2). The combined 
organic layers were washed with water (15 mL x 2), followed by brine 
solution, dried over anhydrous sodium sulfate, filtered and organic filtrate was 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using a mixture of 15% DCM in hexane as eluent to afford a 
pale-yellowish sticky liquid. (0.71 g, yield 80%) 
1
H NMR (300 MHz, CDCl3, 
δ ppm) 7.73 (d, 2H, J = 8.68 Hz), 6.88 (d, 2H, J = 8.68 Hz), 3.97 (t, 2H, J = 
6.61 Hz), 1.78 (m, 2H), 1.55 (m, 2H), 1.33 (s, 12H), 1.31 (m, 8H), 0.88 (t, 3H, 
J = 6.95 Hz). HR-MS (EI): M
+ 
(C20H33BO3) Calculated m/z =332.2522, Found 
m/z = 332.2531. Anal. Calcd. for C20H33BO3: C, 72.29; H, 10.01. Found: C, 
72.25; H, 9.94%. 
 
Compound 8a 
Compound 5a (0.79 g, 1.93 mmol), compound 1 (0.70 g, 1.93 mmol), 
Aliquat
®
 336 (3 mL), and Pd(PPh3)4 (0.06 g, 0.05 mmol) were added to a pre-
degassed mixture of THF (22 mL) and 2M aqueous K2CO3 solution (18 mL) 
under nitrogen atmosphere. The reaction mixture was refluxed for 24 hours, 
cooled, concentrated, diluted with water (15 mL) and extracted with ethyl 
acetate (20 mL x 2). The combined organic fractions were washed with water 
(15 mL), followed by brine solution, dried over anhydrous sodium sulfate, 
filtered and organic filtrate was concentrated under reduced pressure. The 
crude product was purified on a silica gel column using hexane as eluent to 
afford a colorless sticky liquid. (0.71 g, yield 72%) 
1
H NMR (300 MHz, 




CDCl3, δ ppm) 7.62 (d, 2H, J = 8.48 Hz), 7.56 (d, 2H, J = 8.9 Hz), 7.54 (d, 1H, 
J = 8.51 Hz), 7.52 (d, 1H, J = 2.41 Hz), 7.43 (d, 2H, J = 8.48 Hz), 7.33 (dd, 1H, 
J = 8.51, 2.45 Hz), 7.00 (d, 2H, J = 8.9 Hz), 3.90 (d, 2H, J = 5.68 Hz), 1.76 (m, 
1H), 1.51-1.28 (m, 8H), 0.98-0.92 (m, 6H). 
13
C NMR (75 MHz, CDCl3, δ ppm) 
159.23, 144.12, 140.64, 137.96, 134.49, 133.99, 132.65, 131.57, 129.59, 
128.08, 126.31, 121.34, 121.18, 114.87, 77.42, 77.00, 76.58, 70.60, 39.41, 
30.55, 29.09, 23.89, 23.05, 14.08, 11.12. HR-MS (EI): M
+ 
(C26H28Br2O) 
Calculated m/z =514.0501, Found m/z = 514.0502. Anal. Calcd. for 
C26H28Br2O: C, 60.48; H, 5.47. Found: C, 60.19; H, 5.53%. 
 
Compound 8b 
Compound 5b (0.31 g, 0.71 mmol), compound 1 (0.23 g, 0.64 mmol), 
Aliquat
®
 336 (1 mL), and Pd(PPh3)4 (0.02 g, 0.017 mmol) were added to a 
pre-degassed mixture of THF (10 mL) and 2M aqueous K2CO3 solution (5 mL) 
under nitrogen atmosphere. The reaction mixture was refluxed for 24 hours. 
The work up procedure is same as described for 8a. The crude product was 
purified on a silica gel column using a mixture of 5% DCM in hexane as 
eluent to afford a colorless sticky liquid. (0.24 g, yield 63%) 
1
H NMR (300 
MHz, CDCl3, δ ppm) 7.62 (d, 2H, J = 8.49 Hz), 7.58 (d, 2H, J = 8.82 Hz), 7.54 
(d, 1H, J = 8.48 Hz), 7.52 (d, 1H, J = 2.45 Hz), 7.44 (d, 2H, J = 8.49 Hz), 7.33 
(dd, 1H, J = 8.48, 2.45 Hz), 7.00 (d, 2H, 8.82 Hz), 5.12 (t, 1H, J = 7.11 Hz), 
4.05 (t, 2H, J = 6.83 Hz), 2.03 (m, 2H), 1.86 (m, 1H), 1.70 (s, 3H), 1.66 (m, 
1H), 1.62 (s, 3H), 1.42 (m, 1H), 1.26 (m, 1H), 0.98 (d, 3H, J = 6.44 Hz). 
13
C 
NMR (75 MHz, CDCl3, δ ppm) 158.95, 144.13, 140.61, 138.00, 134.49, 
133.99, 132.74, 131.57, 131.29, 129.59, 128.10, 126.30, 124.67, 121.34, 
121.18, 114.88, 66.40, 37.14, 36.16, 29.57, 25.70, 25.46, 19.57, 17.66. HR-
MS (EI): M
+ 
(C28H30Br2O) Calculated m/z =540.0663, Found m/z = 540.0667. 
Anal. Calcd. for C28H30Br2O: C, 62.01; H, 5.58. Found: C, 61.93; H, 5.51%. 
 
Compound 8c 
Compound 7 (0.38 g, 1.14 mmol), compound 2 (0.24 g, 0.49 mmol), 
Aliquat
®
 336 (2 mL), and Pd(PPh3)4 (0.03 g, 0.025 mmol) were added to a 
pre-degassed mixture of THF (8 mL) and 2M aqueous K2CO3 solution (3 mL) 
under nitrogen atmosphere. The reaction mixture was refluxed for 24 hours. 




The work up procedure is same as described for 8a. The crude product was 
purified on a silica gel column using hexane as eluent to afford a colorless 
sticky liquid. (0.19 g, yield 61 %) 
1
H NMR (300 MHz, CDCl3) δ 7.61 (s, 2H), 
7.36 (d, 4H, J = 8.79 Hz), 6.96 (d, 4H, J = 8.79 Hz), 4.01 (t, 4H, J = 6.55 Hz), 
1.82 (m, 4H), 1.48 (m, 4H), 1.33 (m, 16H), 0.90 (t, 6H, J = 6.91 Hz). 
13
C 
NMR (75 MHz, CDCl3) δ 159.05, 142.24, 135.19, 131.66, 130.48, 121.53, 
114.05, 68.07, 31.83, 29.37, 29.25, 26.08, 22.67, 14.11. HR-MS (EI): M
+ 
(C34H44Br2O2) Calculated m/z = 642.1708, Found m/z = 642.1703. Anal. 
Calcd. for C34H44Br2O2: C, 63.36; H, 6.88. Found: C, 63.38; H, 6.82%. 
 
Monomer M1 
Compound 8a (0.33 g, 0.64 mmol), Pd(PPh3)4 (0.06 g, 0.05 mmol) and 
CuI (0.01 g, 0.06 mmol) were dissolved in a pre-degassed solution of THF (3 
mL) and diisopropylamine (3 mL) under nitrogen atmosphere, followed by 
addition of ethynyltrimethylsilane (0.31 g, 3.19 mmol) via syringe. The 
reaction mixture was stirred at 80 °C for 24 hours, cooled and concentrated 
under reduced pressure. The crude product was purified on a silica gel column 
using a mixture of 5% DCM in hexane as eluent to afford a colorless sticky 
liquid (0.31 g, yield 89%), which was dissolved in DCM/MeOH (10 + 10 mL) 
followed by addition of K2CO3 (0.31 g, 2.25 mmol). The reaction mixture was 
stirred overnight at room temperature, diluted with DCM (20 mL), washed 
with water (15 mL), followed by brine solution and water, dried over 
anhydrous sodium sulfate, filtered and organic filtrate was concentrated under 
reduced pressure. The crude product was purified on a silica gel column using 
5% DCM in hexane as eluent to afford a colorless sticky liquid. Yield = 0.21 g 
(92%), 
1
H NMR (400 MHz, CDCl3, δ ppm) 7.67 (d, J = 1.3 Hz, 4H), 7.64 – 
7.59 (m, 4H), 7.45 (dd, J = 7.9, 1.7 Hz, 1H), 7.04 (d, J = 8.7 Hz, 2H), 3.94 (d, 
J = 5.8, 2H), 3.22 (s, 1H), 3.20 (s, 1H), 1.81 (m, 1H), 1.63 – 1.36 (m, 8H), 
0.99 (m, 6H). 
13
C NMR (101 MHz, CDCl3, δ ppm) 159.22, 144.18, 140.46, 
137.50, 133.99, 133.19, 132.87, 130.43, 129.57, 128.12, 126.36, 122.85, 
120.96, 114.93, 83.08, 82.76, 82.15, 79.23, 70.65, 39.49, 30.63, 29.18, 23.97, 
23.14, 14.18, 11.22. MS (APCI, +ve): [M + H]
+ 
(C30H31O) Calculated m/z = 
407.24, Found m/z = 407.33. Anal. Calcd. for C30H30O: C, 88.63; H, 7.44. 
Found: C, 85.49; H, 7.21%. 





Compound 8b (0.19 g, 0.35 mmol), Pd(PPh3)4 (0.03 g, 0.028 mmol) and 
CuI (6.7 mg, 0.035 mmol) were dissolved in a pre-degassed solution of THF 
(3 mL) and diisopropylamine (3 mL) under nitrogen atmosphere, followed by 
addition of ethynyltrimethylsilane (0.17 g, 1.75 mmol) via syringe. The 
reaction mixture was stirred at 80 °C for 24 hours, cooled and concentrated 
under reduced pressure. The crude product was purified on a silica gel column 
using a mixture of 10% DCM in hexane as eluent to afford a colorless sticky 
liquid (0.14 g, yield 71%), which was dissolved in DCM/MeOH (5 + 5 mL) 
followed by addition of K2CO3 (0.13 g, 0.94 mmol). The reaction mixture was 
stirred overnight at room temperature, diluted with DCM (10 mL), washed 
with water (15 mL), followed by brine solution and water, dried over 
anhydrous sodium sulfate, filtered and organic filtrate was concentrated under 
reduced pressure. The crude product was purified on a silica gel column using 
10% DCM in hexane as eluent to afford a colorless sticky liquid. Yield = 0.09 
g (86%), 
1
H NMR (400 MHz, CDCl3, δ ppm) 7.66 (m, 4H), 7.63 – 7.58 (m, 
4H), 7.44 (dd, J = 7.9, 1.7 Hz, 1H), 7.02 (d, J = 8.7 Hz, 2H), 5.17 (t, J = 7.1 
Hz, 1H), 4.08 (m, J = 9.3 Hz, 2H), 3.21 (s, 1H), 3.19 (s, 1H), 2.15 – 2.01 (m, 
2H), 1.95 – 1.86 (m, 2H), 1.74 (s, 3H), 1.68 (s, 3H), 1.51 – 1.42 (m, 1H), 1.34 
– 1.24 (m, 2H), 1.02 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3, δ ppm) 
158.84, 144.07, 140.32, 137.43, 133.88, 133.08, 132.85, 131.24, 130.33, 
129.47, 128.03, 126.25, 124.67, 122.74, 120.86, 114.82, 82.98, 82.65, 82.03, 
79.12, 66.33, 37.12, 36.14, 29.53, 25.70, 25.45, 19.55, 17.65. MS (APCI, +ve): 
[M + H]
+ 
(C32H33O) Calculated m/z =433.25, Found m/z = 433.42. Anal. 
Calcd. for C32H32O: C, 88.85; H, 7.46. Found: C, 89.92; H, 7.19%. 
 
Monomer M3 
M1 (0.30 g, 0.58 mmol), Pd(PPh3)4 (0.03 g, 0.02 mmol) and CuI (9 mg, 
0.05 mmol) were dissolved in a pre-degassed solution of THF (6 mL) and 
diisopropylamine (6 mL) under nitrogen atmosphere, followed by addition of 
ethynyltrimethylsilane (0.06 g, 0.61 mmol) via syringe. The reaction mixture 
was stirred at 80 °C for 24 hours, cooled and concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
mixture of 5% DCM in hexane as eluent to afford a colorless sticky liquid 




(0.16 g, yield 52%), which was dissolved in DCM/MeOH (5 + 5 mL) followed 
by addition of K2CO3 (0.12 g, 0.86 mmol). The reaction mixture was stirred 
overnight at room temperature, diluted with DCM (10 mL), washed with water 
(15 mL), followed by brine solution and water, dried over anhydrous sodium 
sulfate, filtered and organic filtrate was concentrated under reduced pressure. 
The crude product was purified on a silica gel column using hexane as eluent 
to afford a colorless sticky liquid. (0.11 g, yield 80%) 
1
H NMR (300 MHz, 
CDCl3, δ ppm) 7.65 (d, 1H, J = 8.20 Hz), 7.63 (d, 2H, J = 8.46 Hz), 7.58 (d, 
2H, J = 8.81 Hz), 7.50 (d, 1H, J = 2.07 Hz), 7.46 (d, 2H, J = 8.46 Hz), 7.32 (dd, 
1H, J = 8.25, 2.07 Hz), 7.00 (d, 2H, J = 8.81 Hz), 3.91 (d, 2H), 3.14 (s, 1H), 
1.79-1.73 (m, 1H), 1.58-1.34 (m, 8H), 0.99-0.89 (m, 6H). 
13
C NMR (75 MHz, 
CDCl3, δ ppm) 159.17, 142.49, 140.45, 138.31, 134.68, 133.26, 132.71, 
131.91, 129.64, 128.06, 126.25, 123.39, 121.53, 114.85, 82.46, 78.39, 70.58, 
39.40, 30.54, 29.68, 29.08, 23.87, 23.05, 14.08, 11.11. HR-MS (EI): M
+ 
(C28H29BrO) Calculated m/z =460.1396, Found m/z = 460.1402. Anal. Calcd. 




Compound 8c (0.56 g, 0.87 mmol), Pd(PPh3)4 (0.08 g, 0.07 mmol) and 
CuI (0.016 g, 0.087 mmol) were dissolved in a pre-degassed solution of THF 
(8 mL) and diisopropylamine (8 mL) under nitrogen atmosphere, followed by 
addition of ethynyltrimethylsilane (0.43 g, 4.35 mmol) via syringe. The 
reaction mixture was stirred at 80 °C for 24 hours, cooled and concentrated 
under reduced pressure. The crude product was purified on a silica gel column 
using a mixture of 5% DCM in hexane as eluent to afford a white solid (0.49 g, 
yield 84%). The white solid (0.16 g, 0.24 mmol) was dissolved in 
DCM/MeOH (5 + 5 mL) followed by addition of K2CO3 (0.13 g, 0.94 mmol). 
The reaction mixture was stirred overnight at room temperature, diluted with 
DCM (10 mL), washed with water (15 mL), followed by brine solution and 
water, dried over anhydrous sodium sulfate, filtered and organic filtrate was 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to afford a white solid. Yield = 0.10 g 
(79%), 
1
H NMR (300 MHz, CDCl3, δ ppm) 7.60 (s, 2H), 7.55 (d, J = 8.7 Hz, 




4H), 6.96 (d, J = 8.7 Hz, 4H), 4.01 (t, J = 6.5 Hz, 4H), 3.14 (s, 2H), 1.87 – 
1.77 (m, 4H), 1.47 (m, 4H), 1.32 (m, 16H), 0.90 (t, J = 6.7 Hz, 6H). 
13
C NMR 
(75 MHz, CDCl3, δ ppm) 158.99, 142.09, 134.78, 131.11, 130.25, 120.85, 
114.05, 82.89, 81.48, 68.01, 31.82, 29.37, 29.30, 29.25, 26.08, 22.66, 14.10. 
HR-MS (EI): M
+ 
(C38H46O2) Calculated m/z =534.3498, Found m/z = 
534.3496. Anal. Calcd. for C38H46O2: C, 85.35; H, 8.67. Found: C, 85.46; H, 
8.71%. 
 





Monomers, Pd(PPh3)4 and CuI were added into a sealed Schlenk tube 
under nitrogen atmosphere. A solution of tetrahydrofuran/triethylamine (2:1) 
was degassed with nitrogen for 30 minutes, transferred into the sealed Schlenk 
tube under nitrogen atmosphere. The reaction mixture was refluxed for 48 
hour under darkness, cooled and concentrated under reduced pressure. The 
resulting sticky solid was dissolved in minimal amount of chloroform and 
precipitated from excess MeOH to afford the crude polymer.  
 
Purification of polymers 
The crude polymer was purified using Soxhlet extraction with various 
organic solvents. MeOH was used to remove unreacted monomers and catalyst. 
Acetone was used to remove small molecules and oligomers. Chloroform was 
used to extract the polymers, concentrated and precipitated from excess 
MeOH to yield the target polymer. 
 
Polymer PPE1 
The polymerization of M1 (0.06 g, 0.15 mmol), and compound 8a (0.08 
g, 0.15 mmol) in presence of Pd(PPh3)4 (17 mg, 0.015 mmol) and CuI (4 mg, 
0.021 mmol) in THF (6 mL) and triethylamine (3 mL) was carried out 
according to the Sonogashira polymerization procedure. The purification of 
polymer was done according to the general procedure to yield the yellow 
powder. Yield = 0.08 g (72%), 
1
H NMR (400 MHz, CDCl3, δ ppm) 7.65 (br, 
2H), 7.61 – 7.51 (br, 3H), 7.51 – 7.44 (br, 2H), 7.44 – 7.31 (br, 2H), 7.03 – 




6.87 (br, 2H), 3.94 – 3.73 (br, 2H), 1.81 – 1.66 (br, 1H), 1.63 – 1.23 (br, 8H), 
0.95 (br, 6H). IR (KBr, cm
-1
): 3030, 2957, 2926, 2858, 1606, 1501, 1467, 
1382, 1286, 1246, 1178, 1113, 1036, 900, 824, 793, 691. GPC (THF, 
polystyrene standard), Mn: 7,500 g/mol; Mw: 13,600 g/mol; PDI: 1.81. 
 
Polymer PPE2 
The polymerization of M2 (0.06 g, 0.14 mmol), and compound 8b 
(0.076 g, 0.14 mmol) in presence of Pd(PPh3)4 (16 mg, 0.014 mmol) and CuI 
(4 mg, 0.021 mmol) in THF (6 mL) and triethylamine (3 mL) was carried out 
according to the Sonogashira polymerization procedure. The purification of 
polymer was done according to the general procedure to yield the yellow 
powder. Yield = 0.075 g (66%), 
1
H NMR (400 MHz, CDCl3, δ ppm) 7.76 – 
7.66 (br, 1H), 7.66 – 7.52 (br, 4H), 7.51 – 7.44 (br, 2H), 7.38 (br, 2H), 7.02 – 
6.88 (br, 2H), 5.16 – 5.05 (m, 1H), 4.09 – 3.87 (br, 2H), 2.02 (br, 2H), 1.93 – 
1.73 (br, 2H), 1.70 (br, 3H), 1.62 (br, 3H), 1.48 – 1.36 (br, 1H), 1.24 (br, 2H), 
1.02 – 0.87 (br, 3H). IR (KBr, cm-1): 3036, 2923, 2853, 1608, 1519, 1468, 
1390, 1290, 1246, 1176, 1094, 1024, 831, 804. GPC (THF, polystyrene 
standard), Mn: 8,650 g/mol; Mw: 13,300 g/mol; PDI: 1.54. 
 
Polymer PPE3 
The polymerization of M3 (0.21 g, 0.45 mmol) in presence of Pd(PPh3)4 
(0.04 g, 0.03 mmol) and CuI (0.01 g, 0.05 mmol) in THF (15 mL) and 
triethylamine (7 mL) was carried out according to the Sonogashira 
polymerization procedure. The purification of polymer was done according to 
the general procedure to yield the yellow powder. Yield = 0.12 g (68%), 
1
H 
NMR (500 MHz, CDCl3, δ ppm) 7.79 – 7.30 (br, 6H), 7.24 – 6.54 (br, 5H), 
3.97 – 3.53 (br, 2H), 1.83 – 1.25 (br, 9H), 1.04 – 0.69 (br, 6H). IR (KBr, cm-1): 
3031, 2957, 2926, 2858, 1607, 1498, 1463, 1379, 1287, 1246, 1175, 1033, 821, 
692, 518. GPC (THF, polystyrene standard), Mn: 7,950 g/mol; Mw: 8,660 
g/mol; PDI: 1.09. 
 
Polymer PPE4 
The polymerization of M4 (0.034 g, 0.06 mmol), and compound 8c 
(0.041 g, 0.06 mmol) in presence of Pd(PPh3)4 (6.9 mg, 0.006 mmol) and CuI 




(1.7 mg, 0.009 mmol) in THF (3 mL) and triethylamine (1.5 mL) was carried 
out according to the Sonogashira polymerization procedure. The purification 
of polymer was done according to the general procedure to yield the yellow 
powder. Yield = 0.049 g (75%), 
1
H NMR (500 MHz, CDCl3, δ ppm) 7.53 (br, 
6H), 6.96 (br, 4H), 4.01 (br, 4H), 1.81 (br, 4H), 1.48 - 1.30 (br, 20 H), 0.89 (br, 
6H). IR (KBr, cm
-1
): 3035, 2924, 2853, 1607, 1519, 1467, 1393, 1250, 1179, 
1094, 1029, 832, 803. GPC (THF, polystyrene standard), Mn: 3,800 g/mol; Mw: 











H NMR spectrum of compound 1 in CDCl3. 











H NMR spectrum of compound 3a in CDCl3. 
 












H NMR spectrum of compound 4a in CDCl3. 












H NMR spectrum of compound 5a in CDCl3. 











H NMR spectrum of compound 3b in CDCl3. 












H NMR spectrum of compound 4b in CDCl3. 












H NMR spectrum of compound 5b in CDCl3. 











H NMR spectrum of compound 6 in CDCl3. 




 Figure S5.16. 
1




















































































































































































































C NMR spectrum of compound M3 in CDCl3. 
 
Scheme S5.1. (i) (a) ethynyltrimethylsilane, Pd(PPh3)4, CuI, THF/DIPA, 80 
o
C, 24 h; (b) K2CO3, DCM/MeOH, r.t, 18 h. 
 














Figure S5.29. Comparison of 
1
H NMR spectra of compound 8a and M3 in 
CDCl3. The dotted lines indicated the changes of chemical shift from 8a to M3 
(
1





H2 = 7.52 ppm; 
1
H3 = 7.33 ppm) and M3 (
1









H NMR spectrum of compound M4 in CDCl3. 




 Figure S5.31. 
13




H NMR spectrum of PPE1 in CDCl3. 




 Figure S5.33. 
1
H NMR spectrum of PPE2 in CDCl3. 
 
 Figure S5.34. 
1
H NMR spectrum of PPE3 in CDCl3. 







H NMR spectrum of PPE4 in CDCl3. 
 
Figure S5.36. High resolution electron impact mass spectrum of compound 4a. 
D:\MAT95\converted\20150113\PSH157-c3-av 13/07/2015 01:49:18 PM PSH157
 study[.]
PSH157-c3-av #1 RT: 0.67 AV: 1 NL: 1.36E7
T: + c Full ms [ 350.39-385.98]































366.97929 385.93019364.11395 378.98026368.97624352.98256 381.97902358.09206355.98344 371.98154 373.97862 376.98325
PSH157-c3-av#1 RT: 0.67
T: + c Full ms [ 350.39-385.98]
m/z= 359.66536-360.32566





 360.10904  13639680.0   100.00  360.10833     1.97     8.0 C 20 H 25 O 1 79Br 1





Figure S5.37. High resolution electron impact mass spectrum of compound 5a. 
 
Figure S5.38. High resolution electron impact mass spectrum of compound 3b. 
 
 
Figure S5.39. High resolution electron impact mass spectrum of compound 4b. 
D:\MAT95\converted\20150113\PSH177-c1-av 13/07/2015 02:01:14 PM PSH177
 study[.]
PSH177-c1-av #1 RT: 1.19 AV: 1 NL: 1.44E7
T: + c Full ms [ 387.98-435.97]
































416.97583 428.97583390.97971 406.26955397.97716 402.97896 435.97359431.97693423.97453414.98019 421.97675
PSH177-c1-av#1 RT: 1.19
T: + c Full ms [ 387.98-435.97]
m/z= 408.10446-408.41609





 408.28363  14424576.0   100.00  408.28303     1.48     8.5 C 26 H 37 O 3 11B 1
D:\MAT95\converted\201504\PSi35-c1-av 14/08/2015 05:50:54 PM PSi35
PSi35-c1-av #1 RT: 0.45 AV: 1 NL: 3.13E6
T: + c Full ms [ 336.00-372.98]






























340.98315 343.98151 347.98187 368.97531359.98138352.98254 355.98280 371.98128361.97702336.98660 364.98203345.98814 350.98253
PSi35-c1-av#1 RT: 0.45
T: + c Full ms [ 336.00-372.98]
m/z= 357.78329-358.40074





 358.07878  3134632.0   100.00  358.07937    -1.64     5.0 C 16 H 23 O 1 127I 1
D:\MAT95\converted\201504\PSi68-c2-av 14/08/2015 05:43:38 PM PSi68
PSi68-c2-av #1 RT: 0.52 AV: 1 NL: 1.05E7
T: + c Full ms [ 359.99-397.97]































390.12987368.97569 381.97937 393.97945 397.97453371.98134 373.97891362.98497 384.10767364.98326 376.98329
PSi68-c2-av#1 RT: 0.52
T: + c Full ms [ 359.99-397.97]
m/z= 385.99535-386.27721





 386.12442  10506752.0   100.00  386.12453    -0.28     9.0 C 22 H 27 O 1 79Br 1





Figure S5.40. High resolution electron impact mass spectrum of compound 5b. 
 
Figure S5.41. High resolution electron impact mass spectrum of compound 8a. 
 
Figure S5.42. High resolution electron impact mass spectrum of compound 8b. 
D:\MAT95\converted\201504\PSi71a-c2-av 14/08/2015 05:34:29 PM PSi71
PSi71a-c2-av #1 RT: 1.60 AV: 1 NL: 4.53E6
T: + c Full ms [ 409.99-447.97]
































436.30673 440.97633423.97478 443.97569419.27689 431.97617421.97826 447.96660412.98209 414.97983 429.97931426.98061 438.97717
PSi71a-c2-av#1 RT: 1.60
T: + c Full ms [ 409.99-447.97]
m/z= 433.94404-434.62569





 434.30063  4533199.0   100.00  434.29923     3.23     9.5 C 28 H 39 O 3 11B 1
D:\MAT95\converted\20150113\PSH180-c1-av 13/07/2015 02:09:54 PM PSH180
 study[.]
PSH180-c1-av #1 RT: 1.48 AV: 1 NL: 6.17E6
T: + c Full ms [ 487.01-535.97]





























528.96983520.05324490.97415 505.97449502.97150493.97491 497.97205 509.96916 531.96959512.03404 524.97369 533.96606487.99110
PSH180-c1-av#1 RT: 1.48
T: + c Full ms [ 487.01-535.97]
m/z= 513.52955-514.30164





 514.05022  3134845.0   100.00  514.05014     0.15    12.0 C 26 H 28 O 1 79Br 2
D:\MAT95\converted\201504\PSi76-c3-av 14/08/2015 04:46:26 PM PSi76
PSi76-c3-av #1 RT: 1.39 AV: 1 NL: 2.18E6
T: + c Full ms [ 525.97-559.97]
































555.97079535.96899 547.96890 552.96922531.96968 546.07150529.97104526.97409 533.97075 537.97601 549.97054 558.95717
PSi76-c3-av#1 RT: 1.39
T: + c Full ms [ 525.97-559.97]
m/z= 539.40526-540.09912





 540.06671  1120050.0   100.00  540.06634     0.69    13.0 C 28 H 30 O 1 79Br 2





Figure S5.43. High resolution electron impact mass spectrum of compound 8c. 
 
Figure S5.44. Nominal APCI-mass spectrum of compound M1. 
 
D:\MAT95\converted\201506\PSi104-c1-av 16/07/2015 03:17:50 PM PSi104
PSi104-c1-av #1 RT: 1.04 AV: 1 NL: 6.32E5
T: + c Full ms [ 624.99-671.96]







































626.96555 671.96031656.96358637.96686 649.96712 662.96783
PSi104-c1-av#1 RT: 1.04
T: + c Full ms [ 624.99-671.96]
m/z= 641.61050-642.33311





 642.17035  315397.0   100.00  642.17080    -0.71    12.0 C 34 H 44 O 2 79Br 2
C:\Data\...\20160721\PSJ99_160721145046 7/21/2016 2:50:46 PM PSJ99
A/P Suresh
PSJ99_160721145046 #179 RT: 3.02 AV: 1 NL: 3.73E3
T: ITMS + p APCI corona Full ms [150.00-2000.00]
































419.25388.17297.08 355.42292.42165.00 312.17 369.25255.33 469.42271.17 340.00237.33 445.25202.08175.25 498.50219.08 489.25





Figure S5.45. Nominal mass spectrum of compound M2. 
 
Figure S5.46. High resolution electron impact mass spectrum of compound 
M3. 
 




C:\Data\Chemistry\2016\20160721\PSJ100 7/21/2016 3:08:51 PM PSJ100
A/P Suresh
PSJ100 #243 RT: 4.17 AV: 1 SB: 11 3.61-3.78 NL: 1.33E3
T: ITMS + p APCI corona Full ms [100.00-2000.00]









































445.33338.42 509.17 577.58295.17 429.42149.08 547.50479.33323.25257.42203.17 391.42239.33186.92 358.17122.92
D:\MAT95\converted\PSI13-1-c1-av 03/02/2015 03:34:18 PM PSI13
 study[.]
PSI13-1-c1-av #1 RT: 3.40 AV: 1 NL: 2.81E6
T: + c Full ms [ 435.49-474.98]






























464.14691440.97693435.97545 452.97662443.97774 455.97633447.97662438.97998 467.97708 471.97467457.97780450.98187
PSI13-1-c1-av#1 RT: 3.40
T: + c Full ms [ 435.49-474.98]
m/z= 459.99567-460.28871





 460.14024  2795964.0   100.00  460.13963     1.34    14.0 C 28 H 29 O 1 79Br 1
D:\MAT95\converted\201506\PSi116-c1-av 16/07/2015 05:27:22 PM PSi116
PSi116-c1-av #1 RT: 2.08 AV: 1 NL: 2.55E6
T: + c Full ms [ 510.35-547.97]



































511.35277 522.34683517.97168 537.36305 543.97040 547.96831531.96808514.97258 524.36217 526.97264520.32558
PSi116-c1-av#1 RT: 2.08
T: + c Full ms [ 510.35-547.97]
m/z= 533.52103-534.63773





 534.34956  2545268.0   100.00  534.34978    -0.41    16.0 C 38 H 46 O 2




3. Solution and Solid state absorption spectra of PPEs  
 
Figure S5.48. Absorption spectra of Compound 8a, M3 and 8c in CHCl3.  
 
Figure S5.49. Solution and solid state absorption spectra of PPE1, PPE2, 
PPE3 and PPE4. The polymers solid films were prepared by drop casting of 







































































































 PPE3 thin film






























 PPE4 thin film
d































 PPE1 thin film
























 PPE2 thin film




4. CD spectra of PPEs in chloroform/MeOH 
 
 
Figure S5.50. CD spectra of PPE1 in chloroform and chloroform/MeOH 
mixture with light path of 1 mm. 
  
 
Figure S5.51. CD spectra of PPE2 in chloroform and chloroform/MeOH 
mixture with light path of 1 mm.   
 














































































































































































































































































































2:8 MeOH:CHCl3 3:7 MeOH:CHCl3





Figure S5.52. CD spectra of PPE3 in chloroform and chloroform/MeOH 
mixture with light path of 1 mm. 
 
 
Figure S5.53. CD spectra of PPE4 in chloroform and chloroform/MeOH 
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APPENDIX 6: SOLVENT DEPENDENT 
ISOMERIZATION OF PHOTOCHROMIC 
DITHIENYLETHENES: SYNTHESIS, 
PHOTOCHROMISM, AND SELF-ASSEMBLY 
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1. Synthetic Procedures  
 
Compound 1 : A solution of 4-iodoanisole (1.08 g, 4.6 mmol), 4-
bromophenylboronic acid (1.2 g, 5.98 mmol) and 
bis(triphenylphosphine)palladium(II) (0.16 g, 0.22 mmol) in 
tetrahydrofuran/Aliquat® 336/2M aqueous K2CO3 solution (12 : 2 : 5 mL) 
was stirred at reflux temperature for overnight, cooled, diluted with ethyl 
acetate (50 mL), washed with water (2 x 15 mL) and brine solution (10 mL). 
The organic layer was dried over anhydrous sodium sulfate and the excess 
solvent was removed under reduced pressure. The crude product was purified 
on a silica gel column using 5% dichloromethane in hexane as eluent to afford 
a white solid (1.01 g, yield 83%). 
1
H NMR (300 MHz, CDCl3) δ 7.53 (d, J = 
8.6 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.9 
Hz, 2H).
 13
C NMR (126 MHz, CDCl3) δ 159.46, 139.78, 132.54, 131.79, 
128.30, 127.98, 120.79, 114.36, 55.36. HR-MS (EI): M
+
 (C13H11BrO) 
Calculated m/z =261.9993, Found m/z = 261.9992. Elemental analysis 
calculated (%) for C13H11BrO: C, 59.34; H, 4.21; Found: C, 59.14; H, 4.28. 
 
Compound 2: Compound 1 (0.42 g, 1.59 mmol) was dissolved in 
anhydrous dichloromethane (14 mL) under nitrogen atmosphere. The reaction 
mixture was cooled to -50 °C followed by dropwise addition of BBr3 (0.31 mL, 
3.26 mmol). The reaction mixture was warmed up to room temperature, stirred 
for 3 hours, and quenched with water (10 mL). The organic layer was washed 
with water (2 x 5 mL) and brine solution (3 mL), dried over anhydrous sodium 
sulfate, filtered, and the excess solvent was removed under reduced pressure. 
The crude product was purified on a silica gel column using a mixture of 10% 
ethyl acetate in hexane as eluent to afford a white solid (0.36 g, yield 90%). 
1
H 
NMR (300 MHz, CDCl3) δ 7.53 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 8.7 Hz, 2H), 
7.39 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.7 Hz, 1H), 4.84 (br, 1H).
 13
C NMR (75 
MHz, CDCl3) δ 155.39, 139.67, 132.75, 131.78, 128.28, 128.22, 120.83, 
115.77. HR-MS (EI): M
+
 (C12H9BrO) Calculated m/z =247.9836, Found m/z = 
247.9838. Elemental analysis calculated (%) for C12H9BrO: C, 57.86; H, 3.64; 
Found: C, 57.91; H, 3.63. 
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Compound 3: A solution of Compound 2 (0.32 g, 1.28 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.074 g, 0.06 mmol) and copper(I) 
iodide (0.02g, 0.10 mmol) in tetrahydrofuran/triethylamine (6 : 6 mL) was 
stirred at room temperature under nitrogen atmosphere. Ethynyltrimethylsilane 
(0.55 mL, 3.89 mmol) was added via syringe and the reaction mixture was 
stirred at 80 °C for 24 hours, cooled, and the excess solvent was removed 
under reduced pressure. The residue solid was purified on a silica column 
using a mixture of 10% ethyl acetate in hexane to afford a white solid, which 
was dissolved in tetrahydrofuran (5 mL) and cooled to 0 °C. 
Tetrabutylammonium fluoride (2.5 mL, 2.5 mmol, 1 M in tetrahydrofuran) 
was added dropwise and the reaction mixture was stirred at 0 °C for 30 
minutes. The reaction mixture was diluted with ethyl acetate (20 mL), washed 
with water (2 x 10 mL) and brine solution (5 mL), dried over anhydrous 
sodium sulfate, and the excess solvent was removed under reduced pressure. 
The crude product was purified on a silica gel column using a mixture of 10% 
ethyl acetate in hexane as eluent to afford a white solid (0.20 g, yield 80%).
 1
H 
NMR (300 MHz, CDCl3) δ 7.50 (m, 4H), 7.48 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 
8.6 Hz, 2H), 4.88 (br, 1H), 3.11 (s, 1H).
 13
C NMR (126 MHz, CDCl3) δ 155.48, 
141.10, 132.97, 132.52, 128.33, 126.47, 120.31, 115.76, 83.63, 77.51. HR-MS 
(EI): M
+
 (C14H10O) Calculated m/z =194.0731, Found m/z = 194.0736. 
Elemental analysis calculated (%) for C14H10O: C, 86.57; H, 5.19; Found: C, 
85.99; H, 5.15.      
 
Compound 4: 4-Bromo-1,2-dimethoxybenzene (1.00 g, 4.6 mmol), 
bis(pinacolato)diboron (1.51 g, 5.95 mmol), PdCl2(dppf) (0.22 g, 0.27 mmol) 
and potassium acetate (0.45 g, 4.6 mmol) were dissolved in 1,4-dioxane (30 
mL) under nitrogen atmosphere. The reaction mixture was stirred at 80 °C for 
overnight, cooled, added with water (20 mL), and the product was extracted 
with ethyl acetate (2 x 30 mL). The combined organic layer was washed with 
water (2 x 15 mL) and brine solution (10 mL), dried over anhydrous sodium 
sulfate, and the excess solvent was removed under reduced pressure. The 
crude product was purified on a silica gel column using a mixture of 5% ethyl 
acetate in hexane as eluent to afford a sticky colorless liquid (1.03 g, yield 
85%).
 1
H NMR (300 MHz, CDCl3) δ 7.43 (d, J = 8.0 Hz, 1H), 7.29 (s, 1H), 
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6.88 (d, J = 8.0 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 3H), 1.34 (s, 12H).
 13
C NMR 
(75 MHz, CDCl3) δ 151.65, 148.35, 128.55, 116.59, 110.50, 83.64, 55.84, 
55.73, 25.00, 24.84. HR-MS (EI): M
+
 (C14H21BO4) Calculated m/z =264.1533, 
Found m/z = 264.1523. Elemental analysis calculated (%) for C14H21BO4: C, 
63.66; H, 8.01; Found: C, 63.89; H, 8.01.        
 
Compound 5: The synthesis and work-up of 5 were same as described 
for Compound 1. Compound 4 (1.2 g, 4.54 mmol), 1-bromo-4-iodobenzene 
(1.4 g, 4.95 mmol), bis(triphenylphosphine)palladium(II) (0.16 g, 0.22 mmol) 
were reacted in tetrahydrofuran/Aliquat® 336/2M aqueous K2CO3 solution 
(12 : 2 : 5 mL) as solvent. The crude solid was purified on silica gel column 
using a mixture of 5% ethyl acetate in hexane as eluent to afford a white solid 
(1.05 g, yield 79%).
 1
H NMR (300 MHz, CDCl3) δ 7.54 (d, J = 8.6 Hz, 2H), 
7.42 (d, J = 8.6 Hz, 2H), 7.14 – 7.03 (m, 2H), 6.94 (d, J = 8.3 Hz, 1H), 3.95 (s, 
3H), 3.92 (s, 3H).
 13
C NMR (75 MHz, CDCl3) δ 149.24, 148.89, 139.94, 
132.94, 131.78, 128.41, 120.94, 119.28, 111.51, 110.16, 55.98. HR-MS (EI): 
M
+
 (C14H13BrO2) Calculated m/z =292.0099, Found m/z = 292.0094. 
Elemental analysis calculated (%) for C14H13BrO2: C, 57.36; H, 4.47; Found: 
C, 58.01; H, 4.53.               
 
Compound 6: The synthesis and work-up of 6 were same as described for 
Compound 2. 
Compound 5 (0.74 g, 2.52 mmol) and BBr3 (0.72 mL, 7.59 mmol) were 
reacted in anhydrous dichloromethane (20 mL) as solvent. The crude solid was 
purified on a silica gel column using a mixture of 30% ethyl acetate in hexane 
as eluent to afford a white solid (0.56 g, yield 84%). 
1
H NMR (300 MHz, 
CDCl3) δ 7.52 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.10 – 6.98 (m, 
2H), 6.92 (d, J = 8.2 Hz, 1H), 5.26 (s, 2H).
 13
C NMR (126 MHz, CDCl3) δ 
143.88, 143.39, 139.59, 133.51, 131.79, 128.32, 120.98, 119.70, 115.80, 
114.08. HR-MS (EI): M
+
 (C12H9BrO2) Calculated m/z =263.9786, Found m/z 
= 263.9776. Elemental analysis calculated (%) for C12H9BrO2: C, 54.37; H, 
3.42; Found: C, 54.45; H, 3.33.                   
 
Compound 7: The synthesis and work-up of 7 were same as described for 3.  
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Compound 6 (0.46 g, 1.74 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.11 g, 0.095 mmol), copper(I) 
iodide (0.026 g, 0.136 mmol), and ethynyltrimethylsilane (1.2 mL, 8.68 mmol) 
were reacted in tetrahydrofuran/triethylamine (6 : 6 mL). The crude solid was 
purified on a silica gel column using a mixture of 20% ethyl acetate in hexane 
as eluent to afford the pale-yellow solid, which was dissolved in 
tetrahydrofuran (10 mL) followed by addition of tetrabutylammonium fluoride 
(3.5 mL, 3.47 mmol). The crude product was purified on a silica gel column 
using a mixture of 20% ethyl acetate in hexane as eluent to afford a white 
solid (0.25 g, yield 69%). 
1
H NMR (300 MHz, CDCl3) δ 7.56 – 7.34 (m, 4H), 
7.14 – 6.98 (m, 2H), 6.93 (d, J = 8.2 Hz, 1H), 5.23 (s, 2H), 3.11 (s, 1H). 13C 
NMR (75 MHz, CDCl3) δ 143.85, 133.76, 132.52, 131.79, 128.32, 126.54, 
119.89, 115.81, 114.19. HR-MS (EI): M
+
 (C14H10O2) Calculated m/z 
=210.0680, Found m/z = 210.0676. Elemental analysis calculated (%) for 
C14H10O2: C,79.98; H, 4.79; Found: C, 80.79; H, 4.75.                       
 
Compound 10: The synthesis and work-up of 10 were same as described for 3.  
Compound 8 (1.2 g, 4.33 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.48 g, 0.42 mmol), copper(I) 
iodide (0.08 g, 0.42 mmol), and ethynyltrimethylsilane (0.92 mL, 6.5 mmol)  
were reacted in tetrahydrofuran/triethylamine (10 : 10 mL). The crude solid 
was purified on a silica gel column using a mixture of 15% ethyl acetate in 
hexane as eluent to afford the brown solid, which was dissolved in 
tetrahydrofuran (10 mL) followed by addition of tetrabutylammonium fluoride 
(8.6 mL, 8.64 mmol). The crude product was purified on a silica gel column 
using a mixture of 15 % ethyl acetate in hexane as eluent to afford a brown 
solid (0.78 g, 81%). 
1
H NMR (300 MHz, CDCl3) δ 7.89 (d, J = 8.8 Hz, 2H), 
7.84 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 
3.21 (s, 1H). 
13
C NMR (75 MHz, CDCl3) δ 158.66, 152.22, 147.10, 132.94, 
125.19, 123.98, 122.53, 115.88, 83.32, 79.12. Elemental analysis calculated 
(%) for C14H10N2O: C,75.66; H, 4.54; N, 12.60; Found: C, 74.99; H, 4.45; N, 
11.90.                       
 
 




A solution of DTE (0.20 g, 0.32 mmol), 3 (0.13 g, 0.67 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.014 g, 0.012 mmol), and copper(I) 
iodide (4.5 mg, 0.023 mmol) in a mixture of tetrahydrofuran/diisopropylamine 
(8 : 4 mL) was stirred at 80 °C for overnight under nitrogen atmosphere, 
cooled, and the excess solvent was removed under reduced pressure. The 
residue was purified on a silica gel column using a mixture of 50% ethyl 
acetate in hexane as eluent to afford a pale-yellow solid (0.12 g, yield 49%). 
1
H NMR (300 MHz, CD2Cl2) δ 7.60 (s, 8H), 7.55 (d, J = 8.7 Hz, 4H), 7.32 (s, 
2H), 6.96 (d, J = 8.7 Hz, 4H), 5.17 (s, 2H), 2.01 (s, 6H).
 13
C NMR (126 MHz, 
CD2Cl2) δ 156.15, 144.12, 141.33, 132.94, 132.10, 131.64, 128.56, 126.86, 
125.09, 122.30, 120.90, 116.08, 94.17, 82.12, 14.67. HRMS (APCl, +ve, (M 
+H)
+
) : (C43H27F6O2S2) Calculated m/z = 753.1345, Found m/z = 753.1351. 
Elemental analysis calculated (%) for C43H26F6O2S2: C, 68.61; H, 3.48; S, 8.52; 
Found: C, 68.72; H, 3.55; S, 8.67.      
 
DTE2  
The synthesis of DTE2 was same as described for DTE1. A solution of 
DTE (0.21 g, 0.34 mmol), 7 (0.17 g, 0.80 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.019 g, 0.016 mmol), and copper(I) 
iodide (3.9 mg, 0.020 mmol) in a mixture of tetrahydrofuran/diisopropylamine 
(8 : 4 mL) was stirred at 80 °C for overnight under nitrogen atmosphere, 
cooled, and the excess solvent was removed under reduced pressure. The 
residue was purified on a silica gel column using a mixture of 60% ethyl 
acetate in hexane as eluent to afford a pale-yellow solid (0.09 g, yield 34%). 
1
H NMR (300 MHz, CDCl3) δ 7.53 (s, 8H), 7.14 (s, 4H), 7.08 (d, J = 8.2 Hz, 
2H), 6.94 (d, J = 8.2 Hz, 2H), 5.36 (s, 4H), 1.97 (s, 6H). 
13
C NMR (75 MHz, 
MeOD) δ 146.82, 145.01, 143.17, 133.84, 133.28, 132.84, 132.24, 129.92, 
127.51, 126.04, 123.64, 121.45, 119.59, 116.87, 114.93, 95.21, 82.14, 14.49. 
HRMS (APCl, +ve, (M +H)
+
) : (C43H27F6O4S2) Calculated m/z = 785.1249, 
Found m/z = 785.1242. Elemental analysis calculated (%) for C43H26F6O4S2: C, 
65.81; H, 3.34; S, 8.17; Found: C, 66.11; H, 3.34; S, 7.99.      
 
 




The synthesis of DTE3 was same as described for DTE1. A solution of 
DTE (0.1 g, 0.16 mmol), 10 (0.29 g, 0.35 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.037 g, 0.032 mmol), and copper(I) 
iodide (0.006 g, 0.032 mmol) in a mixture of 
tetrahydrofuran/diisopropylamine (8 : 4 mL) was stirred at 80 °C for overnight 
under nitrogen atmosphere, cooled, and the excess solvent was removed under 
reduced pressure. The residue was purified on a silica gel column using a 
mixture of 40% ethyl acetate in hexane as eluent to afford a red solid (0.10 g, 
yield 79%).
 1
H NMR (300 MHz, CDCl3) δ 7.90 (d, J = 6.0 Hz, 4H), 7.87 (d, J 
= 6.0 Hz, 4H), 7.63 (d, J = 8.8 Hz, 4H), 7.30 (s, 2H), 6.96 (d, J = 8.8 Hz, 4H), 
1.97 (s, 6H).
 13
C NMR (75 MHz, CDCl3) δ 158.59, 152.13, 147.23, 143.76, 
132.20, 131.66, 125.21, 124.93, 124.37, 122.73, 121.66, 115.88, 93.95, 83.58, 
14.53. HRMS (APCI): calculated for C43H26F6N4O2S2 (M)
+
 m/z 808.1396, 
found m/z 808.1397. Elemental analysis calculated (%) for C43H26F6N4O2S2: C, 
63.86; H, 3.24; N, 6.93; S: 7.93; Found: C, 64.53; H, 3.31; N, 7.01; S, 7.69.  
 
Sample preparation for photophysical studies of DTEs 
Dilute solutions of DTEs were prepared by dissolving appropriate 
amount of DTEs in analytical grade solvents. The concentrations for DTE1, 
DTE2, and DTE3 were 4.8 x 10
-5
 M, 2.5 x 10
-5
 M, and 0.8 x 10
-5
 M, 
respectively. The quartz cuvette with optical path length of 1 cm was used. For 
thin films studies, the DTEs solutions in analytical grade solvent were drop-
casted on quartz plates and the solvent was allowed to evaporate under 
ambient conditions.    
 
Sample preparation for photophysical studies of DTEs at different pHs 
Dilute solutions of DTEs were prepared by dissolving appropriate 
amount of DTEs in analytical grade solvents. The concentrations for DTE1, 
DTE2, and DTE3 were 5.0 x 10
-5
 M, 2.5 x 10
-5
 M, and 2.2 x 10
-5
 M, 
respectively. The quartz cuvette with optical path length of 1 cm was used. 
Aqueous NaOH solution (1.0 x 10
-5
 M) was added to the DTEs solutions 
before or after irradiation with UV light at 365 nm, prior to spectroscopic 
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analyses. Next, dilute aqueous HCl solution was added to neutralize the DTEs 
solutions to test the reversibility of the optical spectra.  
 
Sample preparation for photophysical studies of DTEs in presence of Fe
3+
 
Dilute solutions of DTEs were prepared by dissolving appropriate 
amount of DTEs in analytical grade solvents. The concentrations for DTE1, 
DTE2, and DTE3 were 5.0 x 10
-5
 M, 2.5 x 10
-5
 M, and 2.2 x 10
-5
 M, 
respectively. The quartz cuvette with optical path length of 1 cm was used. 
Aqueous Fe(NO3)3 solution (1 equivalent) was added to the DTEs solutions 
before or after irradiation with UV light at 365 nm in presence of K2CO3, prior 
to spectroscopic analyses.  
 
Sample preparation for electrochemical studies 
Dilute solutions of DTEs were prepared by dissolving appropriate 
amount of DTEs in anhydrous dichloromethane (0.5 mg/mL), which was 
distilled from calcium hydride under nitrogen atmosphere. The cyclic 
voltammograms of DTEs were recorded in a 0.1 M solution of 
tetrabutylammonium hexafluorophosphate in dichloromethane at a scan rate of 
100 mV s
-1
, with a Ag/AgCl as reference electrode, platinum wire as counter 
electrode, and platinum disk as working electrode.  
 
Sample preparation for morphology studies  
Dilute solutions of DTEs were prepared by dissolving appropriate 
amount of DTEs in analytical grade solvents. The concentration for all DTEs 
solutions was 6.0 x 10
-4
 M. 20 µL of the DTEs solution was pipetted and 
drop-casted on glass substrates and the solvent was allowed to evaporate 
slowly in a desiccator under ambient conditions under darkness for 24 hours. 
DTE1closed and DTE2closed films were prepared by first irradiating the solution 




















H NMR spectrum of 1 in CDCl3. 










H NMR spectrum of 2 in CDCl3. 










H NMR spectrum of 3 in CDCl3. 










H NMR spectrum of 4 in CDCl3. 










H NMR spectrum of 5 in CDCl3. 










H NMR spectrum of 6 in CDCl3. 










H NMR spectrum of 7 in CDCl3. 










H NMR spectrum of 10 in CDCl3. 










H NMR spectrum of DTE1 in CD2Cl2. 










H NMR spectrum of DTE2 in CDCl3. 










H NMR spectrum of DTE3 in CDCl3. 






C NMR spectrum of DTE3 in CDCl3. 
 
 
3. High resolution mass spectra of intermediates and DTEs. 
 
Figure S6.24. High resolution EI mass spectrum of 1. 
D:\MAT95\converted\201511\Psi180-c1-av 13/11/2015 03:58:36 PM Psi180
Psi180-c1-av #1 RT: 0.21 AV: 1 NL: 1.28E7
T: + c Full ms [ 237.26-273.98]
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Figure S6.25. High resolution EI mass spectrum of 2. 
 
Figure S6.26. High resolution EI mass spectrum of 3. 
 
Figure S6.27. High resolution EI mass spectrum of 4. 
D:\MAT95\converted\201511\Psi185-c1-av 13/11/2015 03:46:11 PM Psi185
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T: + c Full ms [ 225.26-259.99]
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Figure S6.28. High resolution EI mass spectrum of 5. 
 
Figure S6.29. High resolution EI mass spectrum of 6. 
 
Figure S6.30. High resolution EI mass spectrum of 7. 
D:\MAT95\converted\201601\Psi192-c1-av 29/07/2016 01:07:18 PM PsJ192
Psi192-c1-av #1 RT: 0.79 AV: 1 NL: 2.14E6
T: + c Full ms [ 263.28-309.98]
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Figure S6.31. High resolution APCI mass spectrum of DTE1. 
 
Figure S6.32. High resolution APCI mass spectrum of DTE2. 




Figure S6.33. High resolution APCI mass spectrum of DTE3. 
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 1




H NMR of DTE1open and DTE1closed (λ = 365 nm, 























H NMR of DTE2open and DTE2closed (λ = 365 nm, 




H NMR of DTE3open and DTE3closed (λ = 365 nm, 












































H NMR of DTE3open and DTE3closed (λ = 365 nm, 




Absorption spectra of intermediate and DTEs.  
 
Figure S6.38. Solid state absorption spectra of DTE1-3; open-ring (-■-) and 

































































































































Figure S6.39. Optical images to show photochromic changes of DTEs in 
different pH.   
 
 
6. SEM image of deprotonated DTE2closed film cast from MeOH. 
 
Figure S6.40. SEM image of DTE2closed film dropcasted from MeOH (6.0 x 
10
-4








Figure S6.41. FESEM images of DTE3 films drop-casted from MeOH or 
THF solutions (6.0 x 10
-4
 M) on a precleaned glass substrate. The solvent was 
allowed to evaporate slowly inside a desiccator at room temperature under 
darkness. DTE3closed films were prepared by first irradiating the solution with 
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APPENDIX 7: CONJUGATED POLYPHENOLS: 
SYNTHESIS, PROPERTIES, AND 
COMPLEXATION OF ZINC IONS 
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 (Flu) and N-octyl-2,7-diethynylcarbazole
3
 (Cbz) were 
synthesized and purified according to the previously reported procedures.  
Compound 1
4
: Tert-butyldimethylsilyl chloride (3.47 g, 23.0 mmol) 
was added dropwise to a solution of 3,4,5-trihydroxybenzaldehyde 
monohydrate (0.88 g, 5.11 mmol) and 4-dimethylaminopyridine (0.056 g, 0.46 
mmol) in tetrahydrofuran (30 mL) and triethylamine (5 mL) at room 
temperature. The reaction mixture was stirred for 2 hours and the white 
precipitate was filtered. The filtrate was diluted with diethyl ether (25 mL), 
washed with water (2 x 15 mL), followed by brine solution, dried over 
anhydrous sodium sulphate, filtered, and concentrated under reduced pressure. 
The crude product was purified on a silica gel column using 5% ethyl acetate 
in hexane as eluent to afford a colorless liquid which slowly crystallize into 
white solid (2.44 g, yield 96%). 
1
H NMR (300 MHz, CDCl3) δ 9.72 (s, 1H), 
7.02 (s, 2H), 0.99 (s, 9H), 0.95 (s, 18H), 0.25 (s, 12H), 0.15 (s, 6H).  
Compound 2
5
: 2,5-Dibromo-3-methylthiophene (2.08 g, 8.13 mmol) 
and N-bromosuccinimide (1.59 g, 8.94 mmol) were dissolved in CCl4 (30 mL) 
followed by addition of benzoyl peroxide (70% in water, 1.13 g, 3.26 mmol) 
in one portion at room temperature. The reaction mixture was refluxed for 8 
hours, diluted with chloroform (50 mL), washed with water (2 x 25 mL), 
followed by brine solution, dried over anhydrous sodium sulphate, filtered, 
and concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to afford a pale-yellow liquid (1.55 g, 
yield 57%).
1
H NMR (300 MHz, CDCl3) δ 7.00 (s, 1H), 4.36 (s, 2H).  
Compound 3
6: A solution of 3-iodothiophene (1.20 g, 5.71 mmol) and 
N-bromosuccinimide (2.13 g, 12.00 mmol) in dimethylformamide (20 mL) 
was stirred at 60 ͦ C for 18 hours. The reaction mixture was diluted with water 
(50 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
layer was washed with water (2 x 20 mL), followed by brine solution, dried 
over anhydrous sodium sulphate, filtered, and concentrated under reduced 
pressure. The crude liquid was purified on a silica gel column using hexane as 
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eluent to afford a colorless liquid (1.74 g, yield 83%). 
1
H NMR (500 MHz, 
CDCl3) δ = 6.93 (s, 1H).
 13
C NMR (126 MHz, CDCl3) δ 137.11, 116.10, 
113.23, 85.07. EI-MS: M
+
 (C4HBr2IS) Calculated m/z = 367.72, Found m/z = 
367.8. Anal. Calcd. for C4HBr2IS: C, 13.06; H, 0.27; S, 8.72%. Found: C, 
12.59; H, 0.22; S, 8.89%. 
Compound 4: Triisopropylsilyl chloride (23.64 g, 122.63 mmol) was 
added dropwise to a solution of 5-bromo-1,2,3-trihydroxybenzene (4.19 g, 
20.43 mmol) and 4-dimethylaminopyridine (0.25 g, 2.04 mmol) in 
tetrahydrofuran (120 mL) and triethylamine (20 mL) at room temperature. The 
reaction mixture was stirred for 18 hours and diluted with ethyl acetate (150 
mL). The organic phase was washed with water (50 mL x 2), followed by 
brine solution, dried over anhydrous sodium sulphate, filtered, and 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to afford a colorless liquid which 
slowly crystallize into white solid (10.88 g, yield 79%).
 1
H NMR (500 MHz, 
CDCl3) δ 6.60 (s, 2H), 1.29 – 1.25 (m, 9H), 1.10 (d, 36H, J =7.49 Hz ), 1.06 (d, 
18H, J = 7.50 Hz).
 13
C NMR (126 MHz, CDCl3) δ 149.61, 138.70, 116.11, 
111.27, 18.08, 17.83, 13.94, 13.45. HR-EI-MS: M
+
 (C33H65BrO3Si3) 
Calculated m/z = 672.3419, Found m/z = 672.3407. Anal. Calcd. for 
C33H65BrO3Si3: C, 58.80; H, 9.72%. Found: C, 58.90; H, 9.77%. 
Compound 5: Ethynyltrimethylsilane (0.36 g, 3.63 mmol) was added 
dropwise to a solution of 4 (0.82 g, 1.21 mmol), Pd(PPh3)4 (0.11 g, 0.095 
mmol) and CuI (0.018 g, 0.095 mmol) in triethylamine (5 mL) (pre-degassed 
with nitrogen) under nitrogen atmosphere. The reaction mixture was stirred at 
80 °C for 18 hours, cooled to room temperature, and the excess solvent was 
removed under reduced pressure to dryness. The crude product was purified 
on a silica gel column using hexane as eluent to afford a sticky liquid as the 
silylated product (0.78 g, yield 93%). The product was dissolved in 
dichloromethane/methanol (6 mL / 6 mL) followed by the addition of 
potassium carbonate (0.31 g, 2.25 mmol) at room temperature. The reaction 
mixture was stirred at room temperature for 18 hours and diluted with 
dichloromethane (25 mL). The organic phase was washed with water (2 x 20 
mL), followed by brine solution, dried over anhydrous sodium sulfate, filtered, 
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and concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to afford a pale-yellow sticky liquid, 
which slowly crystallized into yellow solid (0.55 g, yield 79%). 
1
H NMR (500 
MHz, CDCl3) δ 6.62 (s, 2H), 2.93 (s, 1H), 1.38 – 1.25 (m, 9H), 1.10 (d, 36H J 
=7.49 Hz ), 1.08 (d, 18H, J = 7.50 Hz).
 13
C NMR (126 MHz, CDCl3) δ 148.75, 
140.85, 117.12, 117.01, 112.80, 84.30, 75.01, 18.07, 17.87, 13.96, 13.50, 
13.31. HR-EI-MS: M
+
 (C35H66O3Si3) Calculated m/z = 618.4341, Found m/z = 
618.4346. Anal. Calcd. for C35H66O3Si3: C, 67.90; H, 10.74%. Found: C, 
66.70; H, 10.90%. 
M1: A solution of 2 (0.22 g, 0.65 mmol) in triethylphosphite (0.10 g, 
0.65 mmol) was stirred at 160 °C for 3 hours under nitrogen atmosphere. The 
resulting yellow liquid was dissolved in tetrahydrofuran (2 mL) and cooled to 
4 °C followed by addition of sodium methoxide (0.04 g, 0.74 mmol) in one 
portion. 1 (0.32 g, 0.64 mmol) in tetrahydrofuran (3 mL) was added dropwise 
to the reaction mixture. The reaction mixture was stirred at room temperature 
for 18 hours before dilution with ethyl acetate (15 mL). The organic phase was 
washed with water (2 x 10 mL), followed by brine solution, dried over 
anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. 
The crude product was purified on a silica gel column using 2% ethyl acetate 
in hexane as eluent to afford a pale-yellow solid (0.14 g, yield 30%).
 1
H NMR 
(300 MHz, Acetone-d6) δ 7.52 (s, 1H), 7.14 (d, 1H, J =16.25 Hz), 6.85 (d, 1H, 
J = 16.25 Hz), 6.84 (s, 2H), 1.03 (s, 9H), 0.99 (s, 18H), 0.29 (s, 12H), 0.18 (s, 
6H). 
13
C NMR (126 MHz, Acetone-d6) δ 149.83, 140.82, 139.80, 133.06, 
130.48, 129.23, 118.88, 113.77, 112.36, 109.63, 26.73, 19.56, 19.20, -3.21, -
3.44. HRMS (APCI): calculated for C30H51Br2O3SSi3 (M+H)
+
 m/z 733.1228, 
found m/z 733.1248. Anal. Calcd. for C30H50Br2O3SSi3: C, 49.03; H, 6.86; S, 
4.36%. Found: C, 49.10; H, 6.79; S, 4.41%. 
M2: Compound 3 (0.13 g, 0.35 mmol), compound 5 (0.22 g, 0.35 mmol), 
PdCl2(PPh3)2 (0.01 g, 0.014 mmol) and CuI (0.003 g, 0.016 mmol) were 
dissolved in a mixture of tetrahydrofuran (8 mL) and diisopropylamine (4 mL) 
under nitrogen atmosphere. The reaction mixture was heated to 55 °C for 5 
hours, cooled to room temperature, and the excess solvent was removed under 
reduced pressure to dryness. The crude product was purified on a silica gel 
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column using hexane as eluent to afford a yellow solid (0.22 g, yield 75%). 
1
H 
NMR (500 MHz, CDCl3) δ 7.01(s, 1H), 6.66 (s, 2H), 1.39 – 1.25 (m, 9H), 
1.11 (d, 36H, J = 7.48 Hz), 1.08 (d, 18H J = 7.50 Hz).
 13
C NMR (126 MHz, 
CDCl3) δ 148.83, 140.89, 131.90, 125.49, 116.54, 115.11, 113.13, 110.68, 
94.51, 80.23, 18.07, 17.87, 13.95, 13.45. HRMS (APCI): calculated for 
C39H67Br2O3SSi3 (M+H)
+
 m/z  857.2480, found m/z 857.2495. Anal. Calcd. for 
C39H66Br2O3SSi3: C, 54.53; H, 7.74; S, 3.73%. Found: C, 54.50; H, 7.79; S, 
3.89%. 
 
General Procedure for Sonogashira Polymerization  
1:1 equivalent ratio of monomers, Pd(PPh3)4, and CuI were added into a 
Schlenk flask under nitrogen atmosphere. A deoxygenated solution of 
tetrahydrofuran and triethylamine was added into Schlenk flask via syringe. 
The reaction mixture was heated to reflux under darkness for 24 hours, cooled 
to room temperature, and the excess solvent was removed under reduced 
pressure. The sticky liquid was dissolved in chloroform and precipitated in 
methanol to afford the crude polymer. The crude polymer was subjected to 
Soxhlet extraction using methanol (12 hours) and acetone (24 hours) to 
remove unreacted monomers and oligomers. The target polymer was extracted 
into hot chloroform. The polymer solution in chloroform was concentrated 
under reduced pressure and precipitated in methanol to afford the purified 
polymer.  
 
General Procedure for Deprotection 
The purified polymer was dissolved in THF followed by addition of 
tetrabutylammonium fluoride (TBAF, 1 M in THF, excess) under nitrogen 
atmosphere. The reaction mixture was stirred at room temperature under 
darkness for 24 hours. The precipitated solid was filtered, washed with 
dichloromethane, and dried under vacuum to afford the target phenolic 
polymer.  
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Polymer P1 and P1(OH)n: A solution of Flu (0.08 g, 0.14 mmol), M1 
(0.1 g, 0.14 mmol), Pd(PPh3)4 (8 mg, 0.007 mmol), and CuI (2.7 mg, 0.014 
mmol) in tetrahydrofuran (10 mL) and triethylamine (4 mL) was reacted 
according to the general procedure for Sonogashira polymerization to afford 
P1 as a yellow powder (0.12 g, 73% yield). P1 (0.06 g) was deprotected using 
TBAF (3 mL) in THF (20 mL) according to the general procedure for 
deprotection to afford the P1(OH)n as a yellow solid (0.03g, 69% yield).   
P1:
 1
H NMR (300 MHz, CDCl3) δ 7.75 – 7.60 (br, 2H), 7.60 – 7.45 (br, 
4H), 7.51 (s, 1H), 7.13 (d, 1H, J = 16 Hz), 6.92 (d, 1H, J =16 Hz), 6.73 (s, 2H), 
2.00 (br, 4H), 1.31 – 1.03 (br, 36H), 1.01 (s, 9H), 1.00 (s, 18H), 0.89 -0.80 (br, 
6H), 0.69 – 0.54 (br, 4 H), 0.27 (s, 12H), 0.15 (s, 6H); IR (KBr, cm-1): 3094, 
2957, 2926, 2852, 3452, 1613, 1573, 1464, 1397, 1361, 1325, 1256, 1216, 
1158, 1121, 1100, 1055, 1009, 954, 895, 839, 817, 779, 713. GPC (THF, 
polystyrene standard) Mn: 43 400 g mol
-1
; Mw: 93 800 g mol
-1
; PDI: 2.16.  
P1(OH)n: 
1
H NMR (500 MHz, DMF-d7) δ 8.36 (br, 2H), 8.21 (br, 2H), 
7.82 (br, 2H), 7.69 (s, 1H), 7.16 (br, 4H), 1.76 (br, 4H), 1.20 – 1.08 (br, 36H), 
0.95 (br, 6H), 0.85 (br, 4H). IR (KBr, cm
-1
): 3505, 3436, 3395, 3212, 3166, 
3093, 2957, 2924, 2851, 2352, 1713, 1633, 1573, 1463, 1397, 1362, 1322, 
1303, 1257, 1215, 1158, 1101, 1056, 892, 818, 776, 718.  
Polymer P2 and P2(OH)n: A solution of Cbz (0.04g, 0.12 mmol), M1 
(0.09g, 0.12 mmol), Pd(PPh3)4 (7 mg, 0.006 mmol), and CuI (2 mg, 0.010 
mmol) in tetrahydrofuran (8 mL) and triethylamine (4 mL) was reacted 
according to the general procedure for Sonogashira polymerization to afford 
P2 as a yellow powder (0.06 g, 54% yield). P2 (0.05 g) was deprotected using 
TBAF (3 mL) in THF (20 mL) according to the general procedure for 
deprotection to afford P2(OH)n as a yellow solid (0.02g, 71% yield).   
P2: 
1
H NMR (300 MHz, CDCl3) δ 8.05 (br, 2H), 7.63 (br, 2H), 7.56 (s, 
1H), 7.45 (br, 2H), 7.13 (br, 1H), 6.81 (br, 1H), 6.68 (br, 2H), 4.27 (br, 2H), 
1.88 (br, 2H), 1.38 – 1.25 (br, 10H), 1.00 (s, 9H), 0.87 (br, 3H), 0.97 (s, 18H), 
0.25 (s, 12H), 0.14 (s, 6H). IR (KBr, cm
-1
): 2954, 2929, 2852, 2353, 1600, 
1565, 1492, 1456, 1431, 1355, 1327, 1250, 1096, 1025, 998, 954, 897, 869, 
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839, 805, 784. GPC (THF, polystyrene standard) Mn: 8 700 g mol
-1
; Mw: 17 
300 g mol
-1
; PDI: 1.97. 
P2(OH)n: 
1
H NMR (500 MHz, DMF-d7) δ 8.36 (br, 2H), 8.20 (s, 1H), 
8.10 (br, 3H), 7.82 (br, 1H), 7.53 (br, 3H), 7.31 (br, 1H), 4.61 (br, 2H), 1.93 
(br, 2H), 1.39 (br, 10H), 0.86 (br, 3H). IR (KBr, cm
-1
): 3451, 3217, 2957, 2921, 
2870, 2851, 2352, 2201, 2134, 1706, 1645, 1621, 1597, 1555, 1488, 1456, 
1433, 1365, 1324, 1244, 1161, 1121, 1056, 995, 851, 804, 726.  
Polymer P3 and P3(OH)n: A solution of Flu (0.08 g 0.14 mmol), M2 
(0.126, 0.145 mmol) Pd(PPh3)4 (14 mg, 0.01 mmol), and CuI (2 mg, 0.01 
mmol) in tetrahydrofuran (12 mL) and triethylamine (4 mL) was reacted 
according to the general procedure for Sonogashira polymerization to afford 
P3 as a yellow solid (0.11 g, 60% yield). P3 (0.06 g) was deprotected using 
TBAF (3 mL) in THF (20 mL) according to the general procedure for 
deprotection to afford P3(OH)n as a yellow solid (0.025g, 67% yield).   
P3: 
1
H NMR (300 MHz, CDCl3) δ 7.71 – 7.60 (br, 2H), 7.57 -7.43 (br, 
4H), 7.51 (s, 1H), 6.72 (s, 2H), 2.08 – 1.87 (br, 4H), 1.42 – 0.98 (br, 99H), 
0.86 (br, 6H), 0.60 (br, 4H). IR (KBr, cm
-1
): 3219, 2924, 2853, 2208, 1640, 
1556, 1491, 1464, 1412, 1338, 1250, 1225, 1158, 1090, 1066, 1015, 922, 885, 
842, 820, 752, 688. GPC (THF, polystyrene standard) Mn: 31 200 g mol
-1
; Mw: 
73 000 g mol
-1
; PDI: 2.33. 
P3(OH)n: 
1
H NMR (300 MHz, CDCl3) δ 7.73 – 7.63 (br, 2H), 7.61 (s, 
1H), 7.60 – 7.45 (br, 4H), 6.91 (s, 2H), 2.10 – 1.86 (br, 4H), 1.30 – 0.95 (br, 
36H), 0.86 (br, 6H), 0.59 (br, 4H). IR (KBr, cm
-1
):3505, 3440, 3216, 3165, 
3093, 2954, 2921, 2849, 2193, 1644, 1589, 1461, 1400, 1359, 1305, 1247, 
1212, 1158, 1101, 1055, 1002, 892, 820, 781, 743. 
Sample preparation for photophysical studies  
Dilute solutions of polymers were prepared by dissolving appropriate 
amount of polymers in analytical grade solvents (THF or DMF), followed by 
sonication for 30 minutes to make sure all solids were dissolved. The 
concentrations for all polymers were 4 µg/mL. The quartz cuvette with optical 
path length of 1 cm was used. 
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Sample preparation for metal ions sensing  
Dilute solutions of polymers were prepared by dissolving appropriate 
amount of polymers in analytical grade DMF, followed by sonication for 30 
minutes to make sure all solids were dissolved. The concentrations for all 
polymers were 4 µg/mL. The quartz cuvette with optical path length of 1 cm 
was used. The metal ions solutions in deionized waters were prepared from the 
metal chloride or nitrates. The metal ions solution was pipetted (20 µL) into 
the polymer solutions, in which the final concentration of metal ions in 
polymer solution was 1 x 10
-4
 M. The different concentrations of metal ions 
for titration studies were prepared as 1.5 µM, 4.5 µM, 9.0 µM, and 18.0 µM in 
DMF, respectively. 
Sample preparation for morphological studies   
Polymer thin films were prepared by dissolving appropriate amount of 
polymers in analytical grade DMF (4 µg/mL). 20 µL of the polymer solution 
was pipetted and drop-casted on glass substrates and the solvent was allowed 
to evaporate slowly under ambient conditions. The polymer solutions were 
added with metal ions (1.5 µM), pipetted (20 µL), and drop-casted on glass 
substrates followed by solvent evaporation under ambient conditions, prior to 





























H NMR spectrum of 2 in CDCl3.  
 










C NMR spectrum of 3 in CDCl3.  










C NMR spectrum of 4 in CDCl3.  








H NMR spectrum of 5 in CDCl3. 
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C NMR spectrum of 5 in CDCl3. 
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C NMR spectrum of M1 in acetone-d6. 








H NMR spectrum of M2 in CDCl3. 






C NMR spectrum of M2 in CDCl3. 
 
Figure S7.16. High resolution APCI mass spectrum of M2. 
 











C NMR spectrum of Flu in CDCl3. 





















H spectra of target polymers.  
Figure S7.21. 
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 Figure S7.25. 
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4. TGA traces of polymers 
 
Figure S7.27. TGA traces for all polymers recorded at a heating rate of 10 °C 
min
-1
 under a nitrogen atmosphere.  
 
5. Cyclic voltammograms of polymers 
 
Figure S7.28. Cyclic voltammograms of P1(OH)n – P3(OH)n recorded in a 
0.1 M solution of tetrabutylammonium hexafluorophosphate in anhydrous 
dimethylformamide at a scan rate of 100 mVs
-1 
with a Ag/AgCl as a reference 
electrode. The oxidation range was from 0 V to + 1.5 V.  
 
 






































































































Voltage (V vs Ag/AgCl)
 P1(OH)n












Voltage (V vs Ag/AgCl)
 P2(OH)n














Voltage (V vs Ag/AgCl)
 P3(OH)n
                                                                                       Appendix for Chapter 7 
342 
 
6. Absorption and emission spectra of polymers in presence of metal ions.  
 
Figure S7.29. Absorption (left) and emission (right) spectra of P1 and 
P1(OH)n in THF, before and after addition of Zn
2+
 ions (1 x 10
-3
 M).  
 
 
Figure S7.30. Absorption (left) and emission (right) spectra of P2 and 
P2(OH)n in THF, before and after addition of Zn
2+
 ions (1 x 10
-3
 M). 
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Figure S7.31. Absorption (left) and emission (right) spectra of P3 and 
P3(OH)n in THF, before and after addition of Zn
2+





Figure S7.32. Absorption (left) and emission (right) spectra of P1 in DMF, 
before and after addition of Zn
2+
 ions (1 x 10
-4
 M).  
 
 
Figure S7.33. Absorption (left) and emission (right) spectra of P2 in DMF, 
before and after addition of Zn
2+
 ions (1 x 10
-4
 M).  
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Figure S7.34. Absorption (left) and emission (right) spectra of P3 in DMF, 
before and after addition of Zn
2+
 ions (1 x 10
-4
 M).  
 
Figure S7.35. Absorption (left) and emission (right) spectra of P1(OH)n in 








Figure S7.36. Absorption (left) and emission (right) spectra of P2(OH)n in 




 ions (1 x 10
-4
 M). 
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 P2(OH)n + Fe




























 P2(OH)n + Fe




























 P2(OH)n + Cu




Figure S7.37. Absorption (left) and emission (right) spectra of P3(OH)n in 









Figure S7.38. Emission spectra of polymers in DMF (-■-) upon addition of 
Zn
2+
 ions in DMF; Concentration of metal ions are 1.5 µM (-●-), 3.0 µM (-
▲-), 4.5 µM (-▼-), 9.0 µM (-♦-), 13.5 µM (-◄-), and 18.0 µM (-►-), 
respectively. The concentrations of P1(OH)n, P2(OH)n, and P3(OH)n in DMF 
were around 3.8 µg/mL, 4.2 µg/mL, and 4.5 µg/mL, respectively.     

















 P3(OH)n in DMF
 P3(OH)n + Cu



















 P3(OH)n + Fe






































































































2+ P2(OH)n + Zn
2+ P3(OH)n + Zn
2+




Figure S7.39. Emission spectra of P1(OH)n (-■-) upon addition of metal ions 
solution in DMF; Concentration of metal ions are 1.5 µM (-●-), 4.5 µM (-▲-), 
9.0 µM (-▼-), and 18.0 µM (-♦-), respectively. The concentration of P1(OH)n 
in DMF was around 3.8 µg/mL.  
 
Figure S7.40. Emission spectra of P2(OH)n (-■-) upon addition of metal ions 
solution in DMF; Concentration of metal ions are 1.5 µM (-●-), 4.5 µM (-▲-), 
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9.0 µM (-▼-), and 18.0 µM (-♦-), respectively. The concentration of P2(OH)n 
in DMF was around 4.2 µg/mL. 
 
Figure S7.41. Emission spectra of P3(OH)n (-■-) upon addition of metal ions 
solution in DMF; Concentration of metal ions are 1.5 µM (-●-), 4.5 µM (-▲-), 
9.0 µM (-▼-), and 18.0 µM (-♦-), respectively. The concentration of P3(OH)n 
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Figure S7.42. SEM images of phenolic polymers films drop-casted from DMF 
solution on a pre-cleaned glass substrate. DMF was allowed to evaporate 
slowly for two days under ambient conditions. The solutions of phenolic 






 ions (1.5 µM), respectively, 
prior to drop casting.   
 
P2(OH)n + ZnP1(OH)n + Zn P3(OH)n + Zn
P2(OH)n P3(OH)nP1(OH)n
5 µm 5 µm 5 µm
2 µm 5 µm 5 µm
1 µm
1 µm 1 µm 1 µm
1 µm 5 µm 5 µm
P1(OH)n + Cu P2(OH)n + Cu P3(OH)n + Cu
P1(OH)n + Fe P2(OH)n + Fe P3(OH)n + Fe













Figure S7.44. EDX analysis of the larger aggregates of P1(OH)n -Cu
2+
. 
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APPENDIX 8: SOLUBLE GRAPHENE 





















All starting materials and reagents were purchased from Sigma-Aldrich and 
used without further purification. Solvents used for spectroscopic 
measurements were HPLC grade. Preparative separations were performed by 





H NMR and 
13
C NMR spectra were recorded on a Bruker Avance AV300 
(300 MHz), a Bruker Avance AV400 (400 MHz), or a Bruker Avance AV500 
(500 MHz) NMR instruments using deuterated solvents from Cambridge 
Isotope Laboratories. The chemical shifts were reported in part per million or 
ppm with referenced to the residual solvent peak: s = singlet, d = doublet, t = 
triplet, m = multiplet, and br = broad. Electron ionization high resolution mass 
spectra (EI–HRMS) were obtained on a Finnigan TSQ7000. Atmospheric-
pressure chemical ionization (APCI) high resolution mass spectra (APCI-
HRMS) were obtained on Bruker MicrOTOF-QII. Matrix assisted laser 
desorption ionization-time of flight (MALDI-TOF) mass spectra were 
recorded on a Bruker Autoflex III TOF/TOF with reflectron analyzers in 
positive ionization mode. Elemental analysis was carried out on Elementar 
Vario Micro Cube. Absorption spectra were measured on a UV-1800 
Shimadzu UV-VIS spectrophotometer with an optical filter that is calibrated at 
a bandwidth of 1 nm. Emission spectra were measured on a RF-5301PC 
Shimadzu spectrofluorophotometer with analytical grade solvents. Cyclic 
voltammograms were recorded with a computer controlled CHI 
electrochemical analyzer at a constant scan rate of 100 mV/s. The potentials 
were calibrated using ferrocene/ferocenium ion redox couple as internal 
reference. The onset of oxidation (Eox
onset
) and reduction (Ered
onset
) were used 
to estimate HOMO (EHOMO) and LUMO (ELUMO) energy levels of polymers 
using the equation EHOMO = -(4.8 + Eox
onset
) and  ELUMO = -(4.8 + Ered
onset
). 
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Scanning Electron micrograph was recorded by a JEOL JSM-6701F Field 




A solution of 4-bromophenol (5.60 g, 32.4 mmol), 1-bromooctane (8.73 g, 
45.2 mmol), potassium carbonate (8.90 g, 64.3 mmol), and potassium iodide 
(2.10 g, 12.7 mmol) in DMF (40 mL) was stirred at 90 °C for 18 hours. The 
reaction mixture was poured into diethyl ether (60 mL) and washed with water 
(2 x 30 mL) and brine solution, dried over anhydrous sodium sulfate, filtered, 
and concentrated under reduced pressure. The crude product was purified on a 
silica gel column using hexane as eluent to afford a colorless liquid (5.82 g, 
yield 63%). 
1
H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 9.0 Hz, 2H), 6.77 (d, J 
= 9.0 Hz, 2H), 3.91 (t, J = 6.6 Hz, 2H), 1.77 (m, 2H), 1.49 – 1.40 (m, 2H), 
1.38 – 1.25 (m, 8H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
158.28, 132.18, 116.32, 112.56, 68.29, 31.81, 29.34, 29.23, 29.18, 26.01, 
22.65, 14.09. Elemental analysis calculated (%) for C14H21BrO: C, 58.95; H, 
7.42; Found: C, 59.91; H, 7.35.  
 
Compound 1  
4-Bromo-1-n-octyloxybenzene (3.86 g, 13.5 mmol), bis(pinacolato)diboron 
(7.56 g, 29.8 mmol), Pd(dppf)Cl2 (0.66 g, 0.81 mmol) and KOAc (3.99 g, 40.6 
mmol) were added to a round bottom flask under nitrogen atmosphere. 1,4-
Dioxane (50 mL) was added via syringe and the reaction mixture was stirred 
at 80 °C for 18 hours. The reaction mixture was diluted with ethyl acetate (60 
mL), washed with water (2 x 25 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified on a silica gel column using a mixture of 10% DCM in 
hexane as eluent to afford a pale-yellowish liquid (3.95 g, yield 88%). 
1
H 
NMR (300 MHz, CDCl3) δ 7.73 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 
3.97 (t, J = 6.6 Hz, 2H), 1.83 – 1.73 (m, 2H), 1.50 – 1.43 (m, 2H), 1.33 (s, 
12H), 1.32 – 1.23 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 161.78, 136.49, 113.88, 83.49, 67.80, 31.81, 29.35, 29.23, 26.03, 
                                                                                       Appendix for Chapter 8 
357 
 
24.86, 22.65, 14.08. HR-MS (EI): M
+
 (C20H33BO3) Calculated m/z =332.2523, 
Found m/z = 332.2531. Elemental analysis calculated (%) for C20H33BO3: C, 
72.29; H, 10.01; Found: C, 71.89; H, 9.87. 
 
Compound 2 
Compound 1 (1.60 g, 4.81 mmol), 2-bromo-1,4-diiodobenzene (0.89 g, 2.18 
mmol), and Pd(PPh3)4 (0.10 g, 0.087 mmol) were added to a pre-degassed 
mixture of dimethoxyethane (25 mL) and 2M aqueous K2CO3 solution (10 mL) 
under nitrogen atmosphere. The reaction mixture was stirred at 80 °C for 18 
hours, cooled, and diluted with ethyl acetate (40 mL). The organic fraction 
was washed with water (2 x 20 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified on a silica gel column using a mixture of 15% DCM in 
hexane as eluent to afford a white solid (0.52 g, yield 42%). 
1
H NMR (300 
MHz, CDCl3) δ 7.85 (d, J = 1.8 Hz, 1H), 7.52 (d, J = 8.8 Hz, 2H), 7.53 – 7.50 
(m, 1H), 7.38 (d, J = 8.8 Hz, 2H), 7.35 (m, 1H), 6.98 (d, J = 5.5 Hz, 2H), 6.95 
(d, J = 5.5 Hz, 2H), 4.01 (t, J = 5.8 Hz, 4H), 1.87 – 1.74 (m, 4H), 1.53 – 1.44 
(m, 4H), 1.42 – 1.22 (m, 16H), 0.90 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 
CDCl3) δ 159.20, 158.74, 141.23, 140.29, 133.03, 131.58, 131.52, 131.11, 
130.58, 128.05, 125.56, 123.22, 114.96, 113.95, 68.17, 68.05, 31.87, 29.74, 
29.42, 29.37, 29.33, 29.29, 26.14, 26.11, 22.70, 14.13. HRMS (APCl, +ve, (M 
+H)
+
) : (C34H46BrO2) Calculated m/z = 565.2676, Found m/z = 565.2680. 
Elemental analysis calculated (%) for C34H45BrO2: C, 72.20; H, 8.02; Found: 
C, 72.40; H, 7.96. 
 
Compound 3 
Compound 2 (0.37 g, 0.65 mmol), bis(pinacolato)diboron (0.67 g, 2.64 mmol), 
Pd(dppf)Cl2 (0.05 g, 0.06 mmol) and KOAc (0.52 g, 5.33 mmol) were added 
to a round bottom flask under nitrogen atmosphere. 1,4-Dioxane (25 mL) was 
added via syringe and the reaction mixture was stirred at 80 °C for 18 hours, 
cooled, and diluted with ethyl acetate (30 mL). The organic fraction was 
washed with water (2 x 15 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified on a silica gel column using a mixture of 15% DCM in 
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hexane, followed by 5% ethyl acetate in hexane as eluent to afford a yellow 
sticky liquid (0.24 g, yield 60%). 
1
H NMR (300 MHz, CDCl3) δ 7.87 (d, J = 
2.0 Hz, 1H), 7.59 (dd, J = 2.0, 8.0 Hz, 1H), 7.57 (d, J = 8.7 Hz, 2H), 7.40 (d, J 
= 8.0 Hz, 1H), 7.35 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 
8.7 Hz, 2H), 4.00 (t, J = 6.6 Hz, 4H), 1.81 (m, 4H), 1.53 - 1.43 (m, 4H), 1.41 – 
1.27 (m, 16H), 1.25 (s, 12H), 0.90 (t, J = 6.9 Hz, 6H). 
13
C NMR (126 MHz, 
CDCl3) δ 158.66, 158.45, 145.49, 138.34, 135.34, 133.32, 132.80, 130.11, 
129.33, 128.37, 128.11, 114.75, 113.96, 83.75, 68.16, 68.13, 31.82, 31.61, 
29.67, 29.40, 29.37, 29.33, 29.32, 29.25, 26.08, 24.65, 22.65, 14.08. HR-MS 
(EI): M
+
 (C40H57BO4) Calculated m/z =612.4350, Found m/z = 612.4355. 
Elemental analysis calculated (%) for C40H57BO4: C, 78.41; H, 9.38; Found: C, 
79.01; H, 9.42. 
 
4-Bromo-1,2-bis(octyloxy)benzene 
A solution of 4-bromocatechol (1.63 g, 8.63 mmol), 1-bromooctane (6.60 g, 
34.2 mmol), and potassium carbonate (4.70 g, 34.0 mmol) in acetone (40 mL) 
was stirred at 70 °C for 18 hours, cooled, and poured into ethyl acetate (30 
mL). The organic fraction was washed with water (2 x 15 mL) and brine 
solution, dried over anhydrous sodium sulfate, filtered, and concentrated under 
reduced pressure. The crude product was purified on a silica gel column using 
a mixture of 5% ethyl acetate in hexane as eluent to afford a colorless liquid 
(2.07 g, yield 58%). 
1
H NMR (500 MHz, CDCl3) δ 6.99 (d, J = 9.1 Hz, 1H), 
6.97 (s, 1H), 6.73 (d, J = 9.1 Hz, 1H), 3.98 – 3.93 (t, J = 6.6 Hz, 4H), 1.80 (m, 
4H), 1.45 (m, 4H), 1.40 – 1.23 (m, 16H), 0.89 (t, J = 7.0, 6H). 13C NMR (126 
MHz, CDCl3) δ 150.11, 148.43, 123.47, 118.15, 117.06, 115.29, 112.83, 69.68, 
69.60, 69.44, 31.81, 29.35, 29.33, 29.25, 29.16, 29.07, 25.99, 25.98, 25.93, 
22.66, 14.08. Elemental analysis calculated (%) for C22H37BrO2: C, 63.91; H, 
9.02; Found: C, 63.99; H, 9.09. 
 
Compound 4 
4-Bromo-1,2-bis(octyloxy)benzene (2.07 g, 5.0 mmol), bis(pinacolato)diboron 
(1.52 g, 5.99 mmol)), Pd(dppf)Cl2 (0.15 g, 0.18 mmol) and KOAc (1.5 g, 15.0 
mmol) were added to a round bottom flask under nitrogen atmosphere. 1,4-
Dioxane (25 mL) was added via syringe and the reaction mixture was stirred 
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at 80 °C for 18 hours, cooled, and diluted with ethyl acetate (30 mL). The 
organic fraction was washed with water (2 x 25 mL) and brine solution, dried 
over anhydrous sodium sulfate, filtered, and concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
mixture of 20% DCM in hexane, followed by a 30% DCM in hexane as 
eluents to afford a pale-yellowish liquid (1.82 g, yield 79%). 
1
H NMR (500 
MHz, CDCl3) δ 7.38 (dd, J = 7.9, 1.4 Hz, 1H), 7.29 (d, J = 1.4 Hz, 1H), 6.87 
(d, J = 8.0 Hz, 1H), 4.02 (t, J = 6.6 Hz, 4H), 1.81 (m, 4H), 1.50 – 1.43 (m, 4H), 
1.33 (s, 12H), 1.38 – 1.24 (m, 16H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (126 
MHz, CDCl3) δ 152.00, 148.56, 128.64, 119.55, 112.79, 105.00, 83.56, 69.29, 
68.92, 31.84, 31.82, 29.42, 29.41, 29.37, 29.29, 29.27, 29.21, 26.06, 26.00, 
24.86, 22.67, 22.66, 14.09. HR-MS (EI): M
+
 (C28H49BO4) Calculated m/z 
=460.3724, Found m/z = 460.3725. Elemental analysis calculated (%) for 
C28H49BO4: C, 73.03; H, 10.73; Found: C, 72.62; H, 10.48. 
 
Compound 5 
Compound 4 (0.94 g, 2.04 mmol), 2-bromo-1,4-diiodobenzene (0.42 g, 1.03 
mmol), Aliquat
®
 336 (0.5 mL), and PdCl2(PPh3)2 (0.02 g, 0.028 mmol) were 
added to a pre-degassed mixture of THF (15 mL) and 2M aqueous Na2CO3 
solution (4 mL) under nitrogen atmosphere. The reaction mixture was stirred 
at 70 °C for 18 hours, cooled, and diluted with ethyl acetate (30 mL). The 
organic fraction was washed with water (2 x 15 mL) and brine solution, dried 
over anhydrous sodium sulfate, filtered, and concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
mixture of 20% DCM in hexane as eluent to afford a white solid (0.42 g, yield 
50%).  
1
H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 1.8 Hz, 1H), 7.51 (dd, J = 
7.9, 1.8 Hz, 1H), 7.37 (d, J = 7.9 Hz, 1H), 7.14 (d, J = 2.1 Hz, 1H), 7.12 (s, 
1H), 7.01 (d, J = 1.8 Hz, 1H), 6.96 (m, 3H), 4.11 – 4.02 (m, 8H), 1.90 – 1.81 
(m, 8H), 1.55 – 1.45 (m, 8H), 1.42 – 1.25 (m, 32H), 0.95 – 0.87 (m, 12H). 13C 
NMR (126 MHz, CDCl3) δ 149.46, 149.36, 148.83, 148.36, 141.50, 140.53, 
133.49, 132.28, 131.46, 131.22, 125.65, 123.08, 121.90, 119.64, 115.63, 
114.11, 113.11, 113.05, 69.58, 69.40, 69.38, 69.23, 31.82, 29.68, 29.39, 29.35, 
29.30, 29.27, 26.07, 26.05, 22.66, 14.07. HRMS (APCl, +ve, (M +H)
+
) : 
(C50H78BrO4) Calculated m/z = 821.5078, Found m/z = 821.5076. Elemental 
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Compound 5 (0.22 g, 0.27 mmol), bis(pinacolato)diboron (0.41 g, 1.62 mmol), 
Pd(dppf)Cl2 (0.01 g, 0.012 mmol) and KOAc (0.15 g, 1.53 mmol) were added 
to a round bottom flask under nitrogen atmosphere. 1,4-Dioxane (8 mL) was 
added via syringe and the reaction mixture was stirred at 90 °C for 24 hours, 
cooled, and diluted with ethyl acetate (25 mL). The organic fraction was 
washed with water (2 x 15 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified on a silica gel column using a mixture of 3% ethyl 
acetate in hexane as eluent to afford a yellow sticky liquid (0.20 g, yield 86%). 
1
H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 2.0 Hz, 1H), 7.58 (dd, J = 8.0, 2.0 
Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.18 – 7.14 (m, 2H), 6.99 (d, J = 2.0 Hz, 
1H), 6.95 (d, J = 8.9 Hz, 1H), 6.93 – 6.87 (m, 2H), 4.11 – 3.99 (m, 8H), 1.89 – 
1.78 (m, 8H), 1.49 (m, 8H), 1.40 – 1.25 (m, 32H), 1.23 (s, 12H), 0.93 – 0.83 
(m, 12H). 
13
C NMR (126 MHz, CDCl3) δ 149.36, 148.87, 148.70, 148.46, 
145.82, 138.78, 136.30, 134.23, 132.64, 129.24, 128.41, 121.67, 119.82, 
115.25, 114.29, 113.83, 113.58, 83.76, 69.67, 69.63, 69.49, 69.35, 31.85, 
29.43, 29.40, 29.30, 26.08, 24.68, 22.67, 14.09. HRMS (APCl, +ve, (M +H)
+
) : 
(C56H90BO6) Calculated m/z = 869.6834, Found m/z = 869.6842. Elemental 




1,4-Diiodo-2,5-bis(trimethylsilyl)benzene (0.50 g, 1.05 mmol), compound 1 
(0.77 g, 2.32 mmol), and Pd(PPh3)4 (0.10 g, 0.087 mmol) were added to a pre-
degassed mixture of dimethoxyethane (12 mL) and 2M aqueous K2CO3 
solution (3 mL) under nitrogen atmosphere. The reaction mixture was stirred 
at 70 °C for 18 hours, cooled, and diluted with ethyl acetate (25 mL). The 
organic fraction was washed with water (2 x 15 mL) and brine solution, dried 
over anhydrous sodium sulfate, filtered, and concentrated under reduced 
pressure. The crude product was purified on a silica gel column using a 
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mixture of 5% DCM in hexane as eluent to afford a white solid (0.41 g, yield 
62%). 
1
H NMR (300 MHz, CDCl3) δ 7.43 (s, 2H), 7.26 (d, J = 8.7 Hz, 4H), 
6.93 (d, J = 8.7 Hz, 4H), 4.01 (t, J = 6.6 Hz, 4H), 1.88 – 1.74 (m, 4H), 1.52 – 
1.44 (m, 4H), 1.41 – 1.24 (m, 16H), 0.90 (s, 6H), 0.01 (s, 18H). 13C NMR (75 
MHz, CDCl3) δ 158.39, 146.41, 139.02, 136.93, 135.87, 130.48, 113.71, 68.09, 
31.82, 29.39, 29.33, 29.25, 26.08, 22.66, 14.10, 0.58. HR-MS (EI): M
+
 
(C40H62O2Si2) Calculated m/z =630.4288, Found m/z = 630.4287. Elemental 




A solution of compound 7 (0.32 g, 0.51 mmol) in chloroform (16 mL) was 
added with iodine monochloride (1 M in DCM, 2.0 mL, 2.00 mmol) dropwise 
under nitrogen atmosphere at room temperature. The reaction mixture was 
stirred at room temperature for 1 hour, diluted with DCM (20 mL), and 
extracted with aqueous sodium thiosulfate solution. The organic fraction was 
washed with water (2 x 15 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified from precipitation in DCM/MeOH to afford a white solid 
(0.34 g, yield 90%). 
1
H NMR (300 MHz, CDCl3) δ 7.84 (s, 2H), 7.29 (d, J = 
8.7 Hz, 4H), 6.95 (d, J = 8.7 Hz, 4H), 4.01 (t, J = 6.6 Hz, 4H), 1.88 – 1.76 (m, 
4H), 1.49 (m, 4H), 1.32 (m, 16H), 0.90 (t, J = 6.7 Hz, 6H). 
13
C NMR (75 MHz, 
CDCl3) δ 159.01, 146.45, 140.21, 134.58, 130.35, 113.94, 98.70, 68.06, 31.82, 
29.37, 29.29, 29.25, 26.08, 22.66, 14.11. HR-MS (EI): M
+
 (C34H44O2I2) 
Calculated m/z =738.1431, Found m/z = 738.1446. Elemental analysis 
calculated (%) for C34H44I2O2: C, 55.30; H, 6.01; Found: C, 54.90; H, 6.02. 
 
Compound 9 
A solution of compound 2 (0.12 g, 0.21 mmol), 2,2-bipyridyl (0.12 g, 0.77 
mmol) in THF (10 mL) was added with 1,5-cyclooctadiene (3 drops) and 
Ni(cod)2 (0.22 g, 0.80 mmol) under nitrogen atmosphere. The reaction mixture 
was stirred at 80 °C for 18 hours under nitrogen atmosphere, cooled, and 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using a mixture of 15% DCM in hexane as eluent to afford a 
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white solid (0.07 g, yield 68%). 
1
H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 1.9 
Hz, 2H), 7.55 (d, J = 8.7 Hz, 3H), 7.52 (dd, J = 8.0, 1.9 Hz, 3H), 7.21 (d, J = 
8.0 Hz, 2H), 6.96 (d, J = 8.7 Hz, 4H), 6.63 (d, J = 8.8 Hz, 4H), 6.57 (d, J = 8.8 
Hz, 4H), 4.00 (t, J = 6.6 Hz, 4H), 3.89 (m, 4H), 1.81 (m, 8H), 1.47 (m, 8H), 
1.30 (m, 32H), 0.90 (m, 12H). HRMS (APCl, +ve, (M +H)
+
) : (C68H91O4) 
Calculated m/z = 971.6912, Found m/z = 971.6904. Elemental analysis 
calculated (%) for C68H90O4: C, 84.07; H, 9.34; Found: C, 84.19; H, 9.29. 
 
Compound 10 
A solution of compound 5 (0.13 g, 0.16 mmol), 2,2-bipyridyl (0.05 g, 0.33 
mmol) in THF (3 mL) was added with 1,5-cyclooctadiene (3 drops) and 
Ni(cod)2 (0.09 g, 0.33 mmol) under nitrogen atmosphere. The reaction mixture 
was stirred at 80 °C for 18 hours under nitrogen atmosphere, cooled, and 
concentrated under reduced pressure. The crude product was purified on a 
silica gel column using a mixture of 30% DCM in hexane as eluent to afford a 
white solid (0.085 g, yield 72%). 
1
H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 
2.0 Hz, 2H), 7.51 (dd, J = 8.1, 2.0 Hz, 2H), 7.25 (d, J = 8.1 Hz, 2H), 7.16 (m, 
4H), 6.95 (d, J = 8.1 Hz, 2H), 6.57 (d, J = 8.3 Hz, 2H), 6.29 – 6.20 (m, 4H), 
4.05 (m, 12H), 3.92 (t, J = 6.7 Hz, 4H), 1.90 – 1.77 (m, 16H), 1.49 (m, 16H), 
1.30 (m, 64H), 0.88 (m, 24H). 
13
C NMR (101 MHz, CDCl3) δ 149.56, 149.02, 
148.19, 147.44, 140.65, 139.58, 139.45, 133.63, 133.54, 130.87, 130.13, 
129.64, 128.82, 125.72, 121.44, 119.50, 114.94, 114.25, 113.50, 112.91, 69.56, 
69.49, 69.46, 68.63, 68.17, 31.86, 29.47, 29.46, 29.42, 29.32, 26.15, 26.10, 
26.08, 26.00, 22.69, 14.09. HRMS (APCl, +ve, (M +H)
+
) : (C100H155O8) 
Calculated m/z = 1484.1716, Found m/z = 1484.1714. Elemental analysis 
calculated (%) for C100H154O8: C, 80.92; H, 10.46; Found: C, 80.90; H, 10.25. 
 
Compound 11 
Compound 3 (0.10 g, 0.16 mmol), compound 8 (0.06 g, 0.08 mmol), and 
Pd(PPh3)4 (0.007 g, 0.006 mmol) were added to a pre-degassed mixture of 
dimethoxyethane (5 mL) and 2M aqueous K2CO3 solution (2 mL) under 
nitrogen atmosphere. The reaction mixture was stirred at 80 °C for 24 hours, 
cooled, and diluted with ethyl acetate. The organic fraction was washed with 
water (2 x 5 mL) and brine solution, dried over anhydrous sodium sulfate, 
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filtered, and concentrated under reduced pressure. The crude product was 
purified on a silica gel column using a mixture of 10% DCM in hexane, 
followed by a mixture of  2% ethyl acetate in hexane as eluents to afford a 
white solid (0.07 g, yield 59%). 
1
H NMR (300 MHz, CDCl3) δ 7.75 (d, J = 1.8 
Hz, 2H), 7.59 (d, J = 8.9 Hz, 2H), 7.56 – 7.45 (m, 5H), 7.39 (s, 2H), 7.20 (m, 
2H), 6.95 (d, J = 8.9 Hz, 5H), 6.65 (s, 5H), 6.63 – 6.51 (m, 9H), 4.05 – 3.84 
(m, 12H), 1.77 (m, 12H), 1.44 (m, 12H), 1.30 (s, 48H), 0.95 – 0.85 (m, 18H). 
13
C NMR (126 MHz, CDCl3 ) δ 158.85, 158.70, 157.82, 157.71, 140.13, 
139.46, 139.28, 139.19, 138.91, 133.24, 133.21, 133.05, 132.79, 130.27, 
130.20, 130.06, 129.53, 128.02, 127.96, 127.91, 125.53, 114.89, 113.85, 
113.57, 68.20, 68.14, 31.92, 31.91, 31.90, 29.52, 29.48, 29.45, 29.38, 29.37, 
29.35, 29.34, 29.32, 26.17, 26.14, 22.75, 22.74, 14.18, 14.17, 14.16. HRMS 
(APCl, +ve, (M +H)
+
) : (C102H135O6) Calculated m/z = 1456.0253, Found m/z 
= 1456.0257. Elemental analysis calculated (%) for C102H134O6: C, 84.13; H, 
9.28; Found: C, 83.99; H, 9.23. 
 
Compound 12 
Compound 6 (0.16 g, 0.18 mmol), compound 8 (0.06 g, 0.08 mmol), and 
PdCl2(PPh3)2 (0.002 g, 0.003 mmol) were added to a pre-degassed mixture of 
dimethoxyethane (8 mL) and 2M aqueous Na2CO3 solution (1.5 mL) under 
nitrogen atmosphere. The reaction mixture was stirred at 80 °C for 24 hours, 
cooled, and diluted with ethyl acetate (20 mL). The organic fraction was 
washed with water (2 x 5 mL) and brine solution, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The crude 
product was purified on a silica gel column using a mixture of 2% ethyl 
acetate in hexane as eluent to afford a sticky liquid (0.09 g, yield 56%). 
1
H 
NMR (300 MHz, CDCl3) δ 7.71 (s, 1H), 7.65 – 7.27 (m, 6H), 7.15 (m, 5H), 
7.08 – 6.77 (m, 5H), 6.75 – 6.48 (m, 7H), 6.47 – 6.10 (m, 4H), 3.93 (br, 20H), 
1.82 (br, 20H), 1.47 (br, 12H), 1.28 (br, 88H), 0.88 (br, 30H). 
13
C NMR (75 
MHz, CDCl3) δ 167.28, 149.33, 148.86, 139.42, 139.35, 139.26, 139.06, 
133.80, 130.77, 130.05, 129.76, 128.71, 127.90, 126.97, 119.44, 114.20, 
113.15, 69.48, 69.38, 68.09, 38.68, 31.74, 31.52, 30.29, 29.59, 29.31, 29.20, 
28.85, 25.98, 23.68, 22.88, 22.57, 13.98, 10.86. HRMS (APCl, +ve, (M +H)
+
) : 
(C134H199O10) Calculated m/z = 1968.5058, Found m/z = 1968.5050. Elemental 
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Compound 9 (0.07 g, 0.076 mmol) was dissolved in anhydrous DCM (20 mL) 
under nitrogen atmosphere at room temperature. A solution of iron (III) 
chloride (0.37 g, 2.28 mmol) in nitromethane (5 mL) was added dropwise to 
the reaction mixture. The reaction mixture was stirred overnight at room 
temperature, followed by addition of methanol (20 mL). The precipitate was 
filtered and washed with methanol to remove excess iron (III) chloride. The 
crude product was purified on a silica gel column using a mixture of 50% 
DCM in hexane as eluent to afford a yellowish wax-like solid (0.024 g, yield 
33%). 
1
H NMR (300 MHz, CD2Cl2) δ 9.10 (br, 2H), 8.26 (br, 2H), 7.82 (br, 
5H), 7.17 (br, 5H), 4.14 (br, 8H), 1.90 (br, 8H), 1.44 (br, 40H), 0.95 (br, 12H). 
MALDI-TOF: (C66H82O4) Calculated m/z = 962.6, Found m/z = 962.1. 
Elemental analysis calculated (%) for C68H82O4: C, 84.78; H, 8.58; Found: C, 
86.79; H, 8.21. 
 
G-2 
Compound 12 (0.07 g, 0.036 mmol) was dissolved in anhydrous DCM (33 mL) 
under nitrogen atmosphere at room temperature. A solution of iron (III) 
chloride (0.267 g, 1.65 mmol) in nitromethane (0.8 mL) was added dropwise 
to the reaction mixture. The reaction mixture was stirred overnight at room 
temperature, followed by addition of methanol (25 mL). The precipitate was 
filtered and washed with methanol to remove excess iron (III) chloride. The 
crude product was purified on a silica gel column using a mixture of 50% 
DCM in hexane as eluent to afford orange wax-like solid (0.029 g, yield 41%). 
1
H NMR (400 MHz, CD2Cl2) δ 7.73 (dd, J = 5.8, 3.4 Hz, 2H), 7.58 (dd, J = 
5.8, 3.4 Hz, 2H), 7.31 (d, J = 2.5 Hz, 2H), 7.09 (dd, J = 8.3, 2.5 Hz, 2H), 6.63 
(d, J = 8.3 Hz, 2H), 4.26 (d, br, 20H), 1.98 (br, 20H), 1.51 – 1.19 (br, 100H), 
0.93 (br, 30H). MALDI-TOF: (C134H182O10) Calculated m/z = 1952.3, Found 
m/z = 1952.1. Elemental analysis calculated (%) for C134H182O10: C, 82.41; H, 
9.39; Found: C, 79.98; H, 9.29. 
 











H NMR spectrum of 4-bromo-1-n-octyloxybenzene in CDCl3. 
 Figure S8.2. 
13
C NMR spectrum of 4-bromo-1-n-octyloxybenzene in CDCl3. 
 










C NMR spectrum of compound 1 in CDCl3. 
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H NMR spectrum of compound 2 in CDCl3. 
 
D:\MAT95\converted\201505\PS-i97-c1-av 27/05/2015 04:03:04 PM PS-i97
PS-i97-c1-av #1 RT: 1.11 AV: 1 NL: 5.78E6
T: + c Full ms [ 300.28-347.98]


































316.23209 318.23212 334.25978328.98219 340.98332309.98395 343.98395323.98177321.98511302.98477 305.98506 311.98018 336.98622
PS-i97-c1-av#1 RT: 1.11
T: + c Full ms [ 300.28-347.98]
m/z= 331.95753-332.63025





 332.25311  5779706.0   100.00  332.25228     2.52     4.5 C 20 H 33 O 3 11B 1
1
2






C NMR spectrum of compound 2 in CDCl3. 
 
 
Figure S8.8. HR-APCI mass spectrum of compound 2. 
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H NMR spectrum of 4-bromo-1,2-bis(octyloxy)benzene in 
CDCl3. 
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H NMR spectrum of compound 4 in CDCl3. 
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C NMR spectrum of compound 4 in CDCl3. 
 
Figure S8.16. HR-EI mass spectrum of compound 4. 
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C NMR spectrum of compound 5 in CDCl3. 
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C NMR spectrum of compound 6 in CDCl3. 
 
Figure S8.22. HR-APCI mass spectrum of compound 6. 
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C NMR spectrum of compound 7 in CDCl3. 
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H NMR spectrum of compound 8 in CDCl3. 
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C NMR spectrum of compound 8 in CDCl3. 
 
 
Figure S8.28. HR-EI mass spectrum of compound 8 in CDCl3. 
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C NMR spectrum of dimer 9 in CDCl3. 
9
9



















C NMR spectrum of dimer 10 in CDCl3. 
 
 
Figure S8.34. HR-APCI spectrum of dimer 10. 
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C NMR spectrum of trimer 12 in CDCl3. 
 
 










H NMR spectrum of G-1 in CD2Cl2. 
 
 









Figure S8.43. MALDI-TOF spectrum of products after cyclodehydrogenation 





H NMR spectrum of G-2 in CD2Cl2. 
 
G-2




Figure S8.45. MALDI-TOF spectrum of G-2. The molecular ion peak is at 
m/z 1952.1, with m/z 1839.8 for [M – C8H17]
+ 
owing to the fragmentation 
during the laser desorption.  
 
3. Absorption and emission spectra 
 
Figure S8.46. Normalized spectra of dimer 9 (absorption, -■-; emission - -▲- 
-) and 10 (absorption, -●-; emission - -▼- -) and trimer 11 (absorption, -■-; 






























































Dimer 9 and 10









Figure S8.47. Absorption spectra of G-1 and G-2 in chloroform and in thin 
film.   
 
4. Geometry optimization by DFT. 
 
Figure S8.48. Geometry optimization of unsubstituted (a and b) and 
substituted (c and d) G-2 by using DFT calculation in Gaussian09
1
 program at 
the B3LYP/6-31g (d, p) level. 
 

























 G-1 thin film





















 G-1 in CHCl
3




















 G-2 in CHCl
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 G-2 in thin film




Figure S8.49. Optical (A) and SEM (B) images of G-1 films on glass 
substrates. A G-1 solution in THF:MeOH (4:1) was dropcasted and the solvent 
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